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PREFACE. 

The present volume contains the first two parts of 
a work which the author hopes to finish, on the Ele- 
ments of the Theory of Numbers, the remaining three 
parts being devoted to Rational Numbers, Real 
Numbers, and Complex Numbers, respectivly. 

The book has sprung from a desire to put the ele- 
mentary theory of numbers in a logical form, starting 
from the three fundamental ideas of number, equality 
and sum, with their axioms, building up a system of 
theorems on these fundamental ideas, and then, by as 
natural a process as possible, introducing the derived 
ideas of greater, less, difference, integer, product, 
•quotient, and so forth. 

Joseph Bowden. 

Brooklyn, New York, 
January 3, 1903. 
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PART I. 

PRIMARY NUMBERS. 

CHAPTER I. 

FUNDAMENTAL IDEAS. AXIOMS. DEFINITIONS. NUM- 
BER. EQUALITY. ADDITION. 

1. The concept of nnmber, in its simplest and origi- 
nal sense, is a fundamental concept. It is incapable 
of definition, that is, it cannot be exprest in terms 
of ideas sinjpler than itself. 

The concept is aroused in the mind by the consid- 
eration of groups of objects, material or mental Q), like 
or unlike. To every group of objects Q belongs a 
number, the number of objects in the group. 

2. To every single object, also, a number belongs, 
the number one. 

3. Altho the word group refers properly to a col- 
lection of objects, we will, for the sake of brevity, use 
it to represent either a single object or many objects. 

(*) See Locke, "An Essay Concerning Human Understanding,** 
1690, Bk. II., p. 84; Schubert, <<EncyklopS,die der Mathematischen 
Wissenschaften,*' 1898, Vol. I., p. I. 

(*) See Lefevre, ** Number and its algebra,** 1896, p. 19 ; Stieltjes, 
Annales de la FaculU des Sciences de Toulouse ^ 1890, Vol. IV., p. I. 




I 



2 FKIMAKY NUMBERS. 

4. Notation. Each number, like any other idea, 
mav be eiven a oame (^), Thus we hav thp numbers 
one, two, five. Numbers may also oe representeJ bj 
aymbols, as 2, 7, 9. 

Frequently we shall hav occasion to make a state- 
ment that is true of all numbers. In this ca.'ie let- 
ters (^) of the alphabet will be used, each to represent 
any number we choose to consider. If a particular 
letter occurs more than once in a statement, it will each 
time stand for the same number. 

6. Definition. The numbers of objects in two 
group.s may, or may not, be the same. In this idea 
of sameness between two numbers we hav another 
simple, or fundamental concept. To it we giv the 
special name equality, to distinguish the sameness 
between numbers from the sameness between other 
things. 

If the numbers of objects in two groups ar the 
same, they ar said to be eqnal(^. Representing these 
numbers by a and b respectivly and using the sign 
= for the words " is equal to(*)," we may write this 
statement of equality a = b. 

(')SeeBall, " A Short Account of the History of Malhcmalics," 
1893, p. 123. 

(') Letters were sometimes used in this iiay to represent nomber^ by 
tlie ^cient Greeks. The lirsl modEm European mathematician to use 
letters for Euch a purpose was Jordanus Nemorarins, " Algorithmus 
Demonstratus, " 1534. See Schubert, "Encyklofadie," p. 5. 

(') See Tannery, " Legons d' Arithmitique," 1900, p. 3. 

(*) The sign ^ seems lo hav been used for the idea of equality first 
by Pecord, " Whetstone of Witle," 1557. 
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The expression a = d is calld an equality and is 
read " a is equal to d " or " a equals 6." It is merely 
an abbreviation for the statement : The number of 
objects in the first of the two groups under considera- 
tion is the same as the number in the second. 

The number on the left of the = sign is calld the 
left or first member of the equality, the other number 
the right or second member. 

If a is not equal to S, we write a ^ 6. This expres- 
sion is calld an inequality. 

6. Axiom. Any nmnber is equal to itself i^). 
In symbols : a^= a. 

A longer statement of the same principle is : T^ 
number of objects in a group is the same as the number of 
objects in that group. For example, 2=2, €>=&, 9 =9. 

The mind grants the truth of this principle as soon 
as it grasps the meaning of the words in which it is 
stated. All such principles, with a restriction to be 
given later (§ 10), ar calld aKiomB(^, 

7. Axiom. If a = b, then b — a{'). 

In words : If the number of objects in a group is the 
same as the number of objects in a second group, then 
tlie number of objects in tJie second group is the same as 
the number of objects in the first group. 

This principle also is axiomatic. It may be calld 
the Commntativ Law for Equality. 

(') See Sloli und Gmemer, " Theoretische Arithinetik," 1900, p. 2. 

(') See Jevons-Hill, "Elemenls of Logic," 1883, p. III. 

(") See Schubert, " Encyklopadie, " p. 5 ; Stolz und Gmeiner, p. 1. 




If a ^ b, then b ^ a. 

For it follows directly from § /that, if b^a, then 
a^b. 

In words this says that " if a first number, which 
we call b, is not equal to a second number a, then 
the second number a is not equal to the first num- 
ber b." 

If we call the first number a instead aib, and call 
the second number b, this statement will be : If 
a^b, then b ^ a. 

9. Doflnition. In the last two articles we hav stated 
two truths, each of which is as axiomatic, in the sense 
of § 6, as the other and each of which follows as a 
logical consequence from the other. It is customary 
in such a case not to call both of the truths axioms, 
but to call one an axiom and the other a theorem. 

10. Definition. In general, if for any subject ther 
is a group of several axiomatic principles, of which 
one or more is a consequence of one or more of the 
others, it is customary to choose from this group a 
smaller group, such that no one of the principles in 
the smaller group is provable from one or more of 
the others in that group. 

The axioms of the smaller group ar then said to 
be independent (') of each other. 

(') See Hilbert, "Tlie Foundations of Geometry," translated from 
the Ccrman by Towosend, 190Z, p. 1 ; Moore, Transactions of the 
American Alalkemalitnl Society, I90Z, Vol. III., p. 141 ; Hunting- 
ton, Transactiatts 0/ Ike American Mathematical Sodcty, 1902, VoL 
m., p. 264. 
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FUNDAMENTAL IDEAS. 5 

The chosen group must also be such that all the 
other principles in the given group and all other 
known principles in the subject under consideration 
shall be logical consequences of the axioms in the 
smaller group. 

The axioms of the smaller group ar then said to 
be sufficient for the subject under consideration. 

Usually the choice of the smaller group can be 
made in several ways. An endeavor should, however, 
be made to hav the axioms which are chosen as simple 
in statement and as few in number as possible. 

If ther is no choice in these respects, or if these 
two requirements conflict with each other, the choice 
IS made arbitrarily. 

We then hav what is calld an independent and 
sufficient g^oup of axioms for the subject under con- 
sideration. 

Whether the axioms that will be set up in this 
chapter constitute an independent and sufficient group 
IS left for future discussion. 

That these axioms ar consistent, or compatible (^), 
with each other, that is, not contradictory, is evident 
from the fact that they ar all true of the system of 
numbers. 

11. Definition. A theorem is a principle whose truth 
follows as a logical consequence from the axioms 
chosen. 



(1) See Hilbert, Bulletin of the American Mathematical Society ^ 
1902, Vol. VIII., p. 447. 
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Thus of the ^ven group of principles mentiond in 
§ lo all those except the ones chosen for the inde- 
pendent and sufficient group of axioms ar theorems. 

12. We will insert here a few principles of logic that 
will be useful in our future work. 

Definition. Statements {') ar either unconditional or 
conditional, the former being calld also categorical 
statements. 

A categorical statement may be represented sym- 
bolically by the form " A is B." 

Conditional statements ar of two kinds, hypothetical 
and di^nnctiv ('). 

A hypothetical statement may be represented by 
the form " If A is B, then C is D." It consists of 
two parts, a hypothesis and a conclnsion. The hy- 
pothesis is the clause introduced by the word "if," 
the conclusion the clause introduced by the word 
"then." 

A disjunctiv statement may be represented by the 
form " Either A is S, or C is Z) (*)." 

13. Definition. The contradictory (') of a statement 
is a statement to the effect that the given statement is 
false. 

. Thus the contradictory of the categorical statement 
"A is B" is the statement "A is not B." 



{■) See Jevons-Hill, pp. 66, 67. (=) See Jevons-HiU, p. 150. 

{>)SeeJcvons-Hill, p. 156. 

('jSceJcvors-Hill, p. 83; Wenlworth, "Plane and Solid Geom- 
etry," igol, p. 5. 
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The contradictory of the hypothetical statement 
" If A is B, then Cis JD'' is the statement " If A is B, 
then C is not DJ* 

The contradictory of the disjunctiv statement 
" Either A is B, or C is I) *' is *' Neither ^ is B, nor 
C is 2?/' which is equivalent to ** A is not B and C is 
not Z>." 

14. Axiom. Evidently a statement and its contradic- 
tory cannot both be true, 

15. Axiom. The contradictory of the contradictory of 
a given statement is the original statement. 

Thus the contradictory of the contradictory of the 
statement ** -^ is -ff " is the statement *'-^ is not not 
By ox'' A is Br 

16. Definition. The^pppsit of a given conditional 
statement, hypothetical or disjunctiv, is a conditional 
statement of the same kind, wh^se_4iarts ar respec- 
tivly the contradictories of the^garts of the given 
statement. 

Thus the opposit of the hypothetical statement 
"If ^ is B, then C is D'' is the statement "If ^ is 
not B, then C is not D'' 

The opposit of the disjunctiv statement "Either-^ 
is -ff, or C is D'' is the statement ** Either A is not -ff, 
or C is not Dy 

17. Theorem. The opposit of the opposit of a given 
conditioned statement is the original statement. 

This follows immediately from §§ 15, 16. 
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18. Definition. Statements ar simple or compound ('). 
A simple categorical statement is of the form "A 
is B." 

A compound categorical statement consists of two or 
more simple categorical statements, usually connected 
by the word "and." Thus "A is B and Cis D" is a 
compound categorical statement. 

19. Axiom. TAe contradictory of the compound cate- 
gorical statement "A is B and C is D " is the disjuticliv 
statement "Either A is not B, or C is not D." 

20. Definition, A simple conditional statement is of 
one of the two forms " If A is B, then C is D" and 
"Either^ is B, or Cis jD." 

A compound conditional statement, hypothetical or 
disjitncb'v, is a conditional statement of the same kind, 
of which cither the first or the second part is com- 
pound. Thus the statements " \i A is B and Cis D, 
then E is F," " If A is B, then ChD and E is F," and 
" If ^ is 5 and C is D, then E Is F and G is H" ar 
all compound hypothetical statements; the statement 
" Either ^ is .S and C is B>, or E \s F and G is H" is 
a compound disjunctiv statement. 

21. Definition. The converse (^ of a given hypothet- 
ical statement is a hypothetical statement whose hy- 
pothesis is the conclusion of the given statement and 
whose conclusion is the hypothesis of the given state- 

(>) See Sninlon, " New English Gramniar," iSSl, p. 211. 
{') See Weotworlh, p. 5. 
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FUNDAMENTAL IDEAS. 9 

ment. Thus the converse of " If A is B, then Cis D** 
is"If Cis A then ^ is ^." 

To distinguish a given hypothetical statement from 
its converse, the given statement is calld the direct 
statement. 

22. Axiom. The converse of tlie converse of a given 
hypothetical statement is the original statement, 

23. Axiom. The converse of the opposit of a given 
hypothetical statement is the opposit of the converse of 
that statement, 

24. Axiom. If a hypothetical statement is true^ the 
opposit of its converse is true. 

Thus, if the statement **If -^ is B^ then Cis />" is 
true, so also is the statement ** If C is not Dy then A 
is not B:' 

25. Theorem. If the opposit of a given hypothetical 
statement is true^ its converse is true. 

This follows directly from the preceding. 
Thus, if the statement " If -^ is not By then C is not 
D '' is true, by § 24 we hav " If C is A then A is Br 

26. Theorem. If the converse of a given hypothetical 
statement is true, its opposit is true. 

Thus, if the statement ** If C is D, then Ais B^' is 
true, so also is the statement " If -^ is not By then C is 

not d:' 

211. The theorem of § 8 follows from the axiom of 
§ 7 by the application of the logical rule of § 24. 

28. Corresponding to every hypothetical statement 
ther ar three others, its opposit, its converse, and the 
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opposit of its converse. We will number these < 
follows : 

1. Given statement. 

2. Its Opposit. 

3. Its converse. 

4. The opposit of its converse. 

These four statements may be groupt in pairs, i 
and 4 together and 2 and 3 together, so that, if either 
one of a pair is true, the other one of that pair is also 
true. We may say that i and 4 ar equivalent to 
each other and 2 and 3 equivalent to each other. 

29. If a hypothetical statement is true, its opposit 
is not necessarily true. Thus, if the statement " If 
A is B, then C is D" is true, so may also be the 
statement " If ^ is not B, then C is D" that is, the 
statement "If j^ is not B, then C is not D" may not 
be true. Similarly, if a hypothetical statement is true, 
its converse is not necessarily true. 

30. Any hypothetical statement of the form "If 
A is B, then Cis D" and its equivalent " If C is not 
D, then A is not B" ar equivalent to the disjunctiv 
statement "Either A is not B, or (Tis D." 

Similarly any disjunctiv statement of the form 
" Either A is B, or C is D " is equivalent to either of 
the hypothetical statements " If ^4 is not B, then C is 
D " and " If C is not D, then A is B." 

31. By replacing the disjunctiv statement "Either 
A is B, or C is D" by its equivalent hypothetical 
statement, it is plain that, if this disjunctiv statement 
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IS true, the statement "Both A is B and C is D'* 
may also be true. 

If, however, the opposit disjunctiv statement *' Either 
A is not B, or C is not D** is true, then only one 
of the statements ^* A is B'* and ** C is D** can be 
true. We can in this case say that " If A is B, 
then C is not £>'* and that "If C is D, then A is 

not b:' 

When the given disjunctiv statement and its oppo- 
sit ar both true, we can say that one, and only one, 
of the statements "A is B'' and ** Cis D*' is true. 

32. Definition. A partial converse of a given com- 
pound hypothetical statement is a hypothetical state- 
ment whose hypothesis contains one of the clauses 
of the conclusion of the given hypothetical statement 
and whose conclusion contains one of the clauses of 
the hypothesis of the given statement. 

Thus a partial converse of the statement **!( A is B 
and C is D, then E is i^and G is I/'* is the statement 
" U EisF and A is B, then C is D and G is I/:' 

33. We will now resume our discussion of the theory 
of numbers with the remark that the equality ^ = ^ is 
an illustration of one of the chief causes for the great 
growth of the science of mathematics. This is that 
mathematicians have gradually developt a system of 
symbols by means of which the most complex mathe- 
matical ideas may be represented in a clear, compact, 
unambiguous form, so that the meaning is apparent at 
a glance. 
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34, Axiom. If a=.b and b=c, then a = <r('). 

In words : If the number of objects in a group is the 
same as ike number of objects in a second group and the 
latter number is the same as the number in a third 
group, then the number in the first group is the same 
as the number in tlie third group. 

Stated in this form the truth of this principle is self- 
evident. 

This axiom is usually stated : If two numbers ar 
equal to the same number, they ar equal to each 
other. 

36. Theorem. If a ^ b and b ^ c, then a 4. c (^). 

For, by § 24, it follows from the preceding axiom 
that, if a 4= c, then either a ^ b or b ^ c. §19, 

This is equivalent to the statement : 

1{ a^b and a ^ c, then b ^ c. § 30. 

Or, if ^ = a and a ^ c, then b ^ c. § 7. 

From this, interchanging the letters a and b, we get 
the theorem, 

36. Theorem. Generalization of § 34. If ive liav 
a series of equalities in 'which the right member of each 
equality, except the last, is also the left member of the 
succeeding equality, as a = b, b^= c, c=^d, d= e, •■■ , 
or, for the sake of brevity, a^=b— e = d=^ e ^■■- , 
(the dots •■■ meaning "and so forth," that is, that 
ther may be any number of equalities in the series), 

(")See Schuberl, " EncyklopSdie," p. 6; Stoli und Gmeiner. 
(') See Jevons-Hill, pp. :oS, log ; Sloli und Gmeiner, p. a. 
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then any number in the series is equal to any other num- 
ber in the seriesC). 

If the two numbers to be shown equal ar next each 
other in the scries, ther is nothing to prove ; they ar 
given equal. If ther is one number between them, 
as is the case with 6 and //, they ar equal by the 
axiom, § 34. 

Consider d and e, which hav two numbers between 
them. By the axiom d = if. Then, since we hav 
b = d= e, by applying the axiom again, we see that 
b = e. 

So, if ther ar k numbers between the two num- 
bers required to be proved equal, by applying the 
axiom once, one of the intermediate numbers disap- 
pears ; by applying it k times all ar removed. 

37. Definition. If we join two groups of objects 
so as to form a single group, the number of objects 
in the group thus formd is calld the sum Q of the 
numbers of objects in the two original groups. 
The latter numbers are calld the elements of the 
sum. 

If the elements of a sum ar a and b, we will repre- 
sent the sum itself by the symbol a -|- i^(''). This is 
read "a plus ^," the sign -|- standing for the word 
" plus." 

{') See Stoli und GmeLner, p. z. (•) See Tannery, p. S- 

(a) The sign + was used by Widinan in his "Mercanlile Arilhmetic," 
1489. It has been conjectured Ihal Ihe sign was originally a warehouse 
mark. The first use of this sign to indicate a sum was in Sttfel's 
" Arithmetica Inlegra," 1544. 
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38. Theorem. If cis the simtof aandb,thenc=a-^b. 

For c and « + ^ each represent the number of ob- 
jects in the group obtaind by joining two groups of 
a and b objects respectivly. § 37. 

Hence, since the number of objects in any group is 
the same as the number of objects in that group (§ 6), 
c is the same as a -f ^, or t: = rt -^b. § 5, 

39. Definition. An expression or symbol that has 
only one meaning is calld determinate, univalent, or 
nnambi^ons. 

40. Axiom. The sum a + b 0/ t2vo given numbers is 
univalent. 

It is evident that the number of objects in the group 
obtaind by making a single group of two given 
groups of objects is determinate. 

41. Axiom, a + b=b+ a ('). 
For example, 6 + 7 = 7 + 6. 

The expressions a •{- b and b -^ a are two symbols 
representing the same idea, the number of objects in 
the group obtaind by joining two groups of a and b 
objects respectivly. The numbers a and b hav the 
same weight in determining the new number, their sum ; 
they ar merely written in different order in the two 
expressions a-^ b and b + a. 

This axiom is calld the Commntativ (■) Law for 
Addition. 



(') This aiiom seems Ici hav been noliced first by Gr^ory, "On a 
Difficulty in the Theory of Algebra," 1840. 

(") The word com mulaliv as a mathematical lenn vas first nsed by 
Servois, Geigfnme' i Annalis, 1814, Vol. V., p. 98. 
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42. Definition. In the idea of joining two groups 
of objects to form a single group, we hav a fundamental 
idea. This idea may fittingly be calld an operation. 
For it is the concept of an action, the joining of two 
groups of objects, by either a physical or a mental 
effort. To distinguish it from other operations we 
will call it the operation of addition ('). 

Thesum£7-[-^of two numbers is, then, obtaindby an 
operation. The sum may bo calld the result of the oper- 
ation ; the numbers a and b the Bummanda, or operands, 
the things operated on ; and the sign -f- may be regarded 
as a symbol to indicate what operation is performd. 

The operation of addition may also be considerd 
from a slightly different standpoint We may suppose 
that the number a is first given and that writing + b 
after a indicates that we add b to a. In this sense a 
is the operand, paaaiv (-) element, or augend (*), and b 
the operator, aetiv element, or i&crement {*). 

With this understanding the commutativ law states 
that in the operation of addition the augend and tlie in- 
crement may be interchanged. 

43. Aziom. If a = b, then a + c + b. 

This may be seen by considering three groups of a, 
b, and c objects respectivly, the numbers of objects in 
the first two being the same. 



OSeeSchuhert, ' 
(') See Schroder, 
(') See Schubert, ' 
(*) See Schubert, ' 
Lted rrom the Germai 




Encyklopldie," p. 6. 
' Abriss der Arithmetik und 

Arithmelik und Algebra," . 
■ Mathematical Essays and 1 
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This axiom might be stated : If a = b, then a is not 
equal to any sum of which b is the activ element. 

44. Theorem. If a = c + b, then a ^ b. 

This follows immediately from § 43 by the applica- 
tion of the rule of § 24. 

45. Axiom. If a ^ b, ther is some number c, such 
that either a = c-\-boyc + a = b. 

46. Axiom. If a =b, then a -\- c = b + c. 

This axiom might be stated : If for ike passiv ele- 
ment of a sum an equal number is substituted, the sum 
is unchanged. 

47. Axiom. Jfa =^ b, tlun a->f d^ b + c. 

48. Theorem. If a -\- c= b -^c, then a = b. 

This comes immediately from § 47 by the rule of 

§24. 

This theorem might be stated : If the activ elements 
of two equal sums ar the same, their passiv elements ar 
equal. 

49. Theorem. If a = b, then c + a— c + b; and 
conversely, if c -\- a = c + b, then a^=b. 

For the direct theorem. 



we hav e + rt = « + c. 

Also, since a= b, a-^ c = b -\- c. 
Again b + c = c -^ b. 

Therfor c + a = c + b. 

For the converse theorem, 



§46. 
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we hav ^ + r = r+^ §41. 
and, by hypothesis, 

c '\- a =^ c '\- b. 

Also c '\- b=^b '\- c, §41. 

Hence a -^ c =^b + c. § 36. 

Therfor a=^ b. § 48. 

This theorem might be stated: If for the activ ele- 
ment of a sum an equal number is substituted, the sum is 
unchanged; and conversely, if the passiv elements of two 
equal sums ar the same, their activ elements ar equal, 

60. Theorem. If a= b and c =^ d, then a+ c = 
b + dQ); and conversely, ifa + c=^b + d and c^=^ d, 
then a=^ b ; ifa + c==b + d and a= b, then c= d. 

For the direct theorem, 

since a = b, a + c = b + c. § 46. 

Since c = d, b + c = b + d, § 4q. 

Therfor a + c = b+ d, § 34. 

This theorem is usually briefly stated : Equals added 
to equals giv equals. 

For the first part of the converse theorem, 
we hav, by hypothesis, 

a-{- c—b '\- d. 



(1) See Stolz und Gmeiner, p. 38. 
2 




PKIMARV NUMBERS. 

a + c = f' + c. 
a = 6. 

Similarly the second part of the converse theorem 
may be proved. 

It will be noticed that the path taken for the proof 
of the converse theorem is exactly the reverse of that 
taken for the proof of the direct theorem. Such is 
frequently the case. 

This theorem might also be stated : If for the ele- 
ments of a sum equal numbers ar substituted, the sum 
is unchanged; and conversely, if either the activ or the 
passw elements of two equal sums ar equal, the other 
elements ar equal. 

61, Definition. Successiv Addition. Af^er adding 
two numbers we may add their .sum to a third, that 
sum to a fourth number, and so on. In order to in- ' 
dicate in what order the additions ar performd we will 
use parenthesea (), [], or { }. The latter two kinds 
of parentheses ar also calld respectivly brackets and 
braces, Thus we may hav (<i + (5) -(- c, the parenthe- 
sis enclosing « -|- ^ signifying that the sum « -|- (^ is 
formd finst and then c is added to that sum ('). 

Similarly we may hav ({« + b)-^ c)-\- d, a+(b+ c), 
la-i-{b-i-c)-]+d,a+ {{b + c) + d},{a + b) + (c-i-d). 
etc. 

All such expressions ar univalent. 

(') Parentheses were first used by Girard, i6zg. 
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For addition is univalent. § 40. 

Hence every expression obtaind by repeated addi- 
tion is univalent. 

Such expressions ar calld complex sums. The num- 
bers a, b, Cf ' " f from which a complex sum is formd, 
ar calld its elements. 

For the sake of distinction a sum that has only two 
elements is calld a simple sum. 

62. Theorem. If for one or more elements of a com- 
plex sum equal numbers ar substituted^ the complex sum 
is unchangedQ), 

This follows from §§46, 49, 50. 

For in building a complex sum we add only two 
numbers at a time. 

53. Definition. The standard snm of a series of 
numbers«in a fixt order is the sum obtaind by adding 
the second to the first, the third to that sum, the fourth 
to that, and so on. 

For example, a+ by{a + b) + Cy {{a + b) + c) + d, 
{{{a + b)-\-c)+ .-. + /) + ^ ar standard sums ; wheras 
\a + b) + {c+ d) and a+ [{b + c) + {d + (e +/))] 
ar not. 

64. Axiom, (a + b) + c= a + (b + c){^. 

This principle becomes evident if we consider three 
groups of a, b, c objects respectivly. In whichever 
of the two indicated ways the groups ar joind, the 
final group is the same. 



(') See Stolz und Gmeiner, p. 38. 

(2) This axiom seems to hav been noticed first by Gregory. 




This axiom is calld the Associativ {') Law for Addi- 
tion. 

By this law, in connection with the commutativ 
law and §§ 46, 49, we may prove the following series 
of equalities : {a + i) + c= a + {& + c) = a + {c + d) 
= (a + e) + l> = l> + (a + c) = (3 + a) + c=d + lc + a) 
= (^+c) + a = c+(a + ^) = (c+a) + & = c+(d + a) 
= {c-i-l>) + a. 

56. We now proceed to generalize the associativ 
law for addition in the following theorem. 

Theorem, ^the order of tke dementsof a complex sunt 
be keptfixt, its parentheses may be cfmnged in any way. 

I. The sum of a standard sum and a single num- 
ber is a standard sum. Thus the sum of ((a -\- b) -\- 
c) + d and e is (((« + ^) + r) + rf) + ^. 

II. We will now show that the sum of* a single 
number and a standard sum is equal to the standard 
sum of the numbers involvd written in the same order. 

Let the given sum be 

s = a^ ;([(^ + c) + rf]+... + + '^l- S6. 

Set /= ([(i + r) + rf] +... + /) + k. 

Then ^ = « + /. § § 49, 34. 

Set m for all of / except the last element k, so that 

w=[{i + ^) + rf]+ ... + (. 

Then I = m -\- k. 

, And J = (7 + (jK + i). 

(') The name "Associativ Law" was given by Wm. Rowan Ham- 
iUon, Taylor's Pkilosophual Magaiine, J844, p. 246. 
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By the associativ law this givs 

s = (a + m) + k. 

We thus hav k written in the proper place for the 
standard sum. 

Now consider a + m. Setting n for all of m except 
the last element /, so that 

n=: [{6 + c) + d] + '" 

and m = n -{■ i, 

we hav a-{-m = a + (n + i) = (a + n) + i 

and s = (a + m) + k = ({a + n) + i) + k. 

We may continue this process until the letter that 
stands in the inner parenthesis with a represents only 
a single element 

Thus 

s = {([(« + b) + c']+d)+^*^ + i}+k. 

The proof is, then, complete and s is shown to be 
equal to the standard sum of its elements, written in 
the same order. 

III. We will next show that the sum of two stand- 
ard sums is equal to the standard sum of all the num- 
bers involvd, written in the same order. 

Consider the sum 

s={{l{a + b) + c'] + .., + e)+f} 

+ {([(^ + >^) + + • • • +0 + W- 
If we set 



D that 
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-([("' + «) + '] + ■■■ + ')+/. 



^ = »+ lilU +'') + •]+ ■■■ + '} + "•}• 

we can prove in the same way as befor that 

J-{([(«+^) + 4] +<■)+ ■■■ + l} + m. 
Substituting for >i what it represents, we hav 
^ = {{[{{([(« + 6) + c]-i---- + e)+/]+£-) + k-] 

IV. Next consider any complex sum whatever. 
This must be built up from a number of simple sums 
by adding these sums to single elements or to each 
other. Each of the simple sums we start with is a 
standard sum and theifor, by what has been proved 
above, the sum obtaind at any step of the process is 
equal to the standard sum of the same elements, writ- 
ten in the same order. Therfor the complete sum is 
equal to the standard sum of its elements, written in 
the same order. 

No matter, then, how the parentheses ar arranged, 
the given complex sum is equal to the standard sum 
of the same numbers, written in the same order, 
Therfor all the sums obtaind by varying the arrange- 
ment of the parentheses ar the same. 

56. Since a complex sum, the order of whose ele- 
ments a, b, c, d, e, ■ ■ ■ is fixt, is independent of the 
arrangement of its parentheses, we may omit the pa- 
rentheses without ambiguity and speak of the sum 
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a-\-6 + c + d+e+ •••, this expression being used 
to represent the sum obtaind by any arrangement of 
parentheses. 

67. Theorem. The sum of the left members of any 
number of equalities is equal to the sum of the right 
members. 

Let a^ by c =rf, e =/, g= h^ "- 
The sum of the left members isa + c + e+g+ •.. 
Substituting for a, ^, ^, ^i • • • their respectiv equals 
by d,f A, • • •, we hav 

a + c + e+g+ '" = b + d+f+h+ >>> §52. 

68. We will now generalize the commutativ law 
for addition. 

Theorem. In any complex sum the order of the ele- 
ments may be changed in any way. 
Let the given sum be 

and the form in which we wish to write it 

d -\' c '\- e -^r a + b -^ ... 
We hav 

= ((^ + 1- ^ + h ^ + • • •) + ^) 

+ f- ^ + • • • § 56. 

= (^ + (^ + • • • + ^ + h ^ H- • • •)) 

+ . . . + ^ + . . . §§ 41, 46. 



PRIMARY NUMBERS. 



+ .-- + e+-.- §55. 
= fl'+(c + (a+ ■■• + ^+ .■■))+■■■ + ''+ ■■■ 
= d + c + {{a +... + />+...) + e)+ ■ ■■ 
= ^+f +(f + (a+ ... + <5+ ...))+ ... 
= d+c + e + a+((.-.) + l')+ ... 
= d + c+ e + a+{d + {..■))+ ■■■ 
= d+c + ^ + a + d+ .■■ 

59. The theorems of §§ 55, 58 may be combined 
into one as follows : 

Theorem. Generalized AsBOciativ and Comnmtativ 
Law for Addition. /« any complex sum the arrange- 
ment of the parentheses and the order of the elements 
may be changed in any way. 

Or, a complex sum is independent of the arrangement 
of its parentheses and the order of its elements. 

60. Reverse of Addition. Separation into Farts, 
To get the sum of two given numbers a and b we 

joind two groups of 17 and b objects to form a single 
group. Reversely, having given any group of objects, 
other than a group consisting of but a single object, 
we can divide it into two groups, which may be spoken 
of as parts of the original group, calld the whole. 
Similarly the numbers of objects in the two partial 
groups may be spoken of as parts of the number of 
objects in the whole group, this latter number being 
calld the whole. 
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61. Axiom. Any number, except one, can be divided 
into two parts and is equal to the sum of those parts. 

62. BesolatioiL into ones. Just as a number, not 
one, can be divided into parts, so each of its parts, not 
one, can be divided into parts and the process con- 
tinued until each part is the number one. We hav, 
then, the following theorem. 

63. Theorem. Any number a, except one, is equal to 
the sum of a ones. 

64. Definition. On account of this property of the 
number one, that all other numbers are made up of 
ones, the number one is sometimes called unity. It is 
the unit or base upon which the system of numbers is 
built. For it the symbol i is used. 

65. Definition. This property of unity may be used 
to form a system of symbols and names for numbers. 
Thus we may let 3 stand for the sum of i and r, 
3 for the sum of 2 and I, and so on ; thus 




S. 6. 7. 8, 9 see Ball, 
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We might continue this process as far as we chose, 
using a distinct symbol to represent the sum of each 
number and unity ; thus we might set 

T= 9+ I 

= Y+ r 

^- + I 

2 = 1S+ I 

¥= 2 + 1 

5 = ¥-f I 

19= 6 + 1 



The numbers 2, 3, 4, 5, 6, 7, 8, 9, f> 
¥1 5> 10 ar named two, three, four, five, six, seven, 
eight, nine, ten, eleven, twelv, thirteen, fourteen, 
fifteen, sixteen ('). 

Since any number a is the sum of a ones, it is evi- 
dent that it would hav a place somewher in such a 
series, if the series were carried out far enuf. 

66. The system of symbols and names above given 
has no rule connected with it by .which the numbers 
represented by the symbols and names may be re- 
raemberd. Thus, ther is no reason why the symbol 
7, or 9, should not be used instead of the symbol S to 
represent the number 4+1. The meanings of the 
symbols and names must, then, be memorized out- 
right. 



I 



(') S« Pier 



■'Problems of Numi 
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It is evident that the further such a system is carried, 
the greater is the tax on the memoiy. Another sys- 
tem has therfor been devised, which avoids this diffi- 
culty. It will be explaind in a later article. 

67. Definition. The system of numbers i, 2, 3, 4, 
. • . , each of which is equal to the preceding plus one, 
is calld the natural series of numbers (^). 

68. Definition. The alternate numbers, commenc- 
ing with one, in the natural series ar calld odd ; the 
others even(^). Thus i, 3, 5, . • . ar odd ; 2, 4, 6, •• • 
even. 

69. Theorem. If a is any number in the natural 
series^ the numbers that immediately follow a ar a + i, 
a + 2, a + J, ' " , a + n, a + (n + i), ' " , where 7, ^,* 
3y '-' , n^ n + i^ * ' ' is the natural series of numbers. 

Let the numbers that follow a in the natural series 
be ^, r, rf, . . . , ^, /, . . . Then 

* = ^ + I l^T. 

c = b+ I = (a+ i)+ I =a + {i + i) = a + 2, 

§§67, 46, 54, 65, 49. 

d= c+ i = (a+ 2).+ I = ^ + (2 + i) = ^ + 3, 

Moreover, if 

i= a + n, 

l^k+ i = {a + n)+ i=a+ {n+ i). 
Hence the numbers by r, </,..., ^, /, • . . ar equal 

(1) See Stolz und Gmeiner, p. 13 ; Euler, "Elements d'Algdbre," 
edition of 1807, p. 7. 

(2) See Euler, p. 21. 



38 



{IMARY NUMBERS, 



respectivly to the numbers a+i,a+2, a + ^, ■■-, 
a-\-n, a + (n -h i), ■■■ In this series the numbers 
added to a ar each, after the first, obtaind from the 
preceding by adding i to it. These numbers ar ther- 
for the natural series of numbers. 

70. Definition. Correspondence. If two groups of 
objects ar the same in number, we may in thot con- 
nect each object of one group with a definit object of 
the other group. We ar then said to make the objects 
of the two groups eorreapond to each other. 

If one of the groups contains n objects and the 
other is the group of n numbers of the natural series 
1, 2, 3, ■■-,«, then, when the correspondence is made, 
the group of « objects is said to be arranged in order. 

As outward evidence of the connection between the 
objects and the numbers, the objects may be markt 
with the symbols i, 2, 3, ■• ■ , n. 

The object corresponding to one is calld the first 
object, the object corresponding to two, the aecoad, 
that corresponding to three, the third, and so on, that 
corresponding to h, the nth, or last object. 

Any portion of the natural series of numbers start- 
ing with I, as I, 2, 3, ■ ■ ■, K, may be made to corre- 
spond to itself, each number corresponding to itself 
Thus 1 is the first number in the series, 2 the second, 
and so on, n the last. 

71. Definition. Counting (') is the name given to 

(') The idea of number is prereqcisit to, cot derived Troni, tlie idea 
ofcuuDting. See Lefevre, p. si. 
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any process for finding the number of objects in a 
given group. 

This is usually done by separating the objects one 
after the other from the group and at the same time 
speaking, or thinking, the numbers i, 2, 3, 4, ■■ ■ in 
succession until the last object has been removed. 
In this way we form a correspondence between the 
objects of the group and the natural series of numbers. 
The number spoken when the last object is removed 
is the number of objects in the group. This follows 
immediately from the definition of " sum " (§ 37) and 
the definitions of the numbers i, 2, 3, 4, ■■ ■ {§ 65), 

72. Theorem. The number of numbers in the portion 
of the natural series of numbers starting with i and 
ending with the number a is a. 

This is evident by counting. 

73. To add two given numbers a and b, we may 
write each number as a sum of ones and count the 
ones in both considerd as a single group. The re- 
sult is the sum of a and b. 

Or we may find the ^'th number in the natural series 
after a. This number is « -|- ^ (§ 69). 

74. Addition Table ('). In order to make a table of 
the sums obtaind by adding all possible pairs of the 
numbers 1, 2, 3, ■ ■ ■ , 10, except those sums which may 
not be represented by the symbols so far defined, we 
draw a square with its sides parallel to the edges of 
the paper. Then we divide the top and left-hand sides 

(1) See Tannery, p, 40. 




each into |g equal parts and thru the points of division 
draw lines parallel to the sides forming rows and 
columns of little square compartments inside the given 
square. 

The divisions of the top and left-hand sides we mark 
on the outside with the numbers i, 2, 3, ■ ■ ■ , Ii)> start- 
ing at the upper left-hand comer. These numbers 
giv the order of the rows and columns. 

Now we wish to place in each compartment the 
number which is the sum of the two numbers which 
ar found respectivly at the left of the row and at the 
top of the column in which the compartment lies. 

Thus in the first row inside the given square we 
wish to write the numbers that represent the sums 
I -|- I, I -I- 2, I -h 3. • ■ ■ But these ar the same as 
the numbers of the natural series following i (§ 6g). 
Similarly in the second row we write the numbers in 
the natural series after 2, and so on. 

It will be noticed that this table, which is given be- 
low, is symmetrical with reference to the diagonal line 
starting at the upper left-hand comer and going to the 
lower right-hand comer. This is due to the commu- 
tativ law for addition. 

This diagonal line is calld the principal diagonal. 
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CHAPTER II. 

SUBTRACTION. 
GREATER. LESS. DIFFERENCE. 

76. Definition. Having given two numbers a and 
^, if ^ =1= by ther is some third number x such that 
either a^x + b or x+a = b, § 45. 

In the first case a is said to be greater than b, in the 
second a is said to be less than bQ), 

More explicitly, in the first case a is said to be x 
greater than b and in the second case x less than b. 

Thus, since 8 = 3 + 5, 8 is greater than 5 ; since 
3 + 5 = 8, S is less than 8. 

The statement ''a is greater than b'' is written 
a>b) the statement ** a is less than b'* is written 

The definitions of the terms "greater than" and 
" less than " may, then, be stated in symbols : 

If ^= X + b^ then ^ > 3 ; and conversely, if ^ > ^, 
then ar= x-^- b. 

1( X + a ^ by then a <ib \ and conversely, if ^ < ^, 
than x^ a==b. 



(1) See Tannery, p. 8 ; Hadamard, " Lefons de G^om6trie 616men- 
taire," p. 46. 

(2) The signs >, <^ seem to hav been used first by Vieta. Sec his 
**In Artem Analyticam Isagoge,*' 1591. 
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The statements a> d and a •. 
eqnalities. 

76. Tteorem. 1/ a = x -^ b 

For, since x^y, x-\-b'^y+b. • 

Hence, since a = x ->r b, a ^ y + b. § 35. 

77. Definition. From the last theorem we see that 
if o ^ jf + ^, ther is no number y, different from x, 
such that a = y -\- b. 

Hence, if a and b ar given, x is determind by the 
equality a = x -V b. 

This passiv number *■, which depends only on a 
and b and is such that a ^ x + h, we will call the 
right-handed difference between a and b. 

This difference may be represented by some symbol 
showing the two numbers from which it is formd. 
The symbol a~ b, read " a minus b" is customary('). 

The difference a — b is, then, univalent, when it 
exists, that is, when ther is some third number x, 
such that a ^ x-\- b. 

The number a may be calld the first element of the 
difference and b the second element. 

78. Theorem. If the right-handed difference a — b 
exists and is the number x, tJien a—b^x. 

This follows from § 6. 

79. Theorem. If a = x -^-b, then a — b — x ; and 
conversely , if a — b = x, then a ^=x -\' b (^). 

(')ThesigD — appearsfirst in Widman's Arithmetic. See fool-note, 
p 13, It was first used in the modem sense by Slifel. 
(')SeeTai,nery, p. 15. 
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80. Theorem. If x + a = b and ^ =t= >■, then 
y + aJf=b. 

81. Definition. From this theorem we see that the 
equality x -\- a^= b detei-mins the number x. We will 
call this number the right-handed remainder of b less 
a, which we will represent by the symbol b ] a, which 
may be read " b less a." 

The remainder ^ | « is, then, univalent, when it ex- 
ists, that is, when ther is some third number x, such 
that x+ a = b. 

82. Theorem. If tJie right-handed remainder b \ a 
exists and is the number x, then x ^ b\a. 

83. Theorem. J/x + « = ^, then x= b\a; and con- 
versely, if X =.b\a, then x -\- a=^b. 

84. Definition. Implicit and Explicit Definitions. 
Ther ar two classes of definitions. A definition of 
the first class merely givs a name to an idea with 
which we ar already familiar, usually a fundamental 
idea. Such definitions ar calld implicit definitions. 
A definition of the second class expresses an idea in 
terms of ideas simpler than itself, either fundamental 
ideas or ideas that hav already been defined in terms 
of fundamental ideas. Such definitions ar calld ex- 
plicit definitions. 

In §§ 75. 77\ 8i we hav examples of explicit defi- 
nitions. The ideas " greater than," " less than," 
"right-handed difference," and "right-handed re- 
mainder" ar exprest in terms of "equality" and 
"addition," 
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An idea thus exprest is calld a derived idea. 

85. We will now prove some theorems connecting 
the ideas represented by the symbols >, <, — , |, 
which hav been independently defined, 

86. Theorem. 1/ a^ b, tite right-lianded difference 
a — b exists, and conversely. 

For, ^ ay- b, a^x-\- b. ^ 7S- 

Therfor the difference a~ b exists and is the num- 
ber X. § jy. 
The converse theorem is proved by reversing the 
steps. 

87. Hence the symbol a — b as, yet has no meaning, 
unless a^b. 

88. Theorem. If a<.b, the right-handed remainder 
b I a exists, and conversely. 

This is proved in the same way as § 86. 

89. Theorem. If a > b, then b <: a, and 
a\b = a— b; and conversely, if b <^a, then a > ^{') 
and a — b= a\b. 

¥oi,'^ a>b, a = x + b and a — b = x. §§75,77. 

Hence x-\-b = a and x = a\b. §§ 7, 81. 

Therfor ^ < fl and (I I (^ = a — b. §§ 75, 34. 

The converse theorem is proved by reversing the 
steps. 

It should be noticed that the proof of this theorem 
depends on the commutativ law for equality. 

90. In virtue of the last theorem, whenever we 
hav either of the statements « > ^, ^ ■< «, we may 

(') See Stolz und Guieiner, p. 6. 
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rqjlace it by the other and may replace either of the I 
expressions a — b, a\b\:iy the other. 

We will find it convenient in future never to use the | 
symbol |, but to use in its stead — . 

The symbols > and ■< will, however, both be use- 1 
ful, tho we will employ chiefly >. We should always I 
bear in mind that the statement a'>b may at pleasure 
be replaced by the statement b <.a. 

91. BefinitioiL Having given two numbers a and 
b, if a^ b, ther is some third number j^ such that 
eithera = ^-f jr or (Z + ;tr= ^. §§45,41. 

In the first case a may be said to be larger than d, ' 
in the second case smaller than b. 

The statement " a is larger than b " may be written ' 
a'p- b; the statement " a is smaller than b" a-<,b. 

The definitions of the terms " larger than " and ] 
" smaller than " may, then, be stated in symbols : 

l{ a = b -i- X, then a'^ b; and conversely, if a >- 5, 
then a = b + X. 

If fl + jr = ^, then a-i^b; and conversely, if a -< ^, 
then a-\- x=b. 

92. Theorem. Jfa = b-\-xandx=^y,tkena=^b+y. 

93. Definition, From this theorem we see that the 
equality a^^ b -\- x determins the number x. 

This activ number x, which depends only on b and 
a and is such that a^=b+x, we will call the left- , 
handed difference ('} between b and a. For this differ- 

(1) See Grassmann, " Ausdehnungslehie," edition of 18^8, p. 5j 
Stoli uiid Gmeincr, p. 5 ; Scbubert, " Enc jkiopSdie, " p. 9. 



SUBTRACTION. 3/ 

ence we will use the symbol b -:- a, which may be read 
" b from a." 

The difference b -;- a is, then, univalent, when it 
exists, that is, when thcr is a third number x, such 
that a = b-\- X. 

94. Theorem. If ike left-handed difference B -^a ex- 
ists and is the number x, then b t a^x. 

95. Theorem. If a^=b -\- x, then b -r a=- x ; and 
conversely, if b -^ a =^ x, then a = b + x. 

96. Theorem. If a-Yx^=bandx^y,thena-\- y^b. 

97. Definition. From this theorem we see that the 
equality a -\- x^=b determins the number x. We 
will call this number the left-handed remainder when 
a is taken from b. For this remainder we will use 
the symbol a |- b, which may be read " a .'!ul b." 

The remainder a \-b is, then, univalent when it 
exists, that is, when ther is a third number x, such 
that a-\- x=b. 

98. Theorem. If the left-handed remtundcr a \- b 
exists and is the number x, then x ^= a \- b. 

99. Theorem. If a + x t= b, then x=a |- b ; and 
conversely, if x^= a [■ b, then a -\- x^ b. 

100. Theorem. If a '^ b, the lift-handed difference 
b -^ a exists, and conversely. 

101. Theorem. If a <,b, the left-handed remainder 
a \- b exists, and conversely. 

102. Theorem. If a > b, then a ^ b and 
b — a^= a — b ; and com'crsely, if a"^ b, then a~;> b 
and a — b = b ':- a. 
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The proof of this theorem depends on the cominu- 
tativ law for addition. 

103. Tteorem. If a <i b, then a <. b and 
a \- b=-b ^a; and conversely, if a -<. b, then a<, b 
and b ~ a=-a |- b. 

The proof of this theorem also depends on the 
commutativ law for addition. 

104. Definition. In virtue of the last two theorems 
we will in future never use the symbols >- and -<, but 
will use in their stead > and < respectivly. Simi- 
larly instead oi b -^ a and ^ |- « we will use a — b. 

In virtue of §§ 89, 102, 103 we will in future instead 
of the four terms " right-handed difference," " right- 
handed remainder," " left-handed difference," and 
"left-handed remainder" use the single term "dif- 
ference." 

105. Theorem. No number is greater than itself. 
For, since a ^= a, a '^ x + a. § 43. 

106. Definition. The symbols > and < ar used 
to mean " is not greater than " and " is not less than " 
respectivly. 

The expression a^b means that either i7 = ^ or 
ay- b. Similarly the expressions ^s/', a^b, etc., 
ar defined. 

107. Definition. Complex ExpreBBions containing 
Plus and Minus Signs. The difference of two num- 
bers may be connected with other numbers by plus or 
minus signs, provided always that the first element of 
every difference is greater than the second element. 
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Thus we may hav expressions like [(^— ^)+^] — (^— ^) 
or {[(a+d)^c']+d}^(e+/). 

All such expressions ar univalent, since every sum 
and every difference is univalent. §§40, yy. 

108. Theorem. a + 6> dQ)3nd{a + 6) — 6^a{^, 

For a + 6=:i a + 6. 

Therfor a + d':> 6 and {a + 6) — 6 = a, §§ 75, 79. 

109. Theorem. A whole is greater than each of its 
parts. 

110. Theorem. If a'^ b, then {a — ff) + 6 = a. 
Since a'> 6, a = x-^i and a — d = x. § § 75, 79. 

Hence (a-- S) + 6 = x+ 6. § 46. 

Therfor "(a — d) +d== a. § 34. 

111. Theorem. Jf a^i, tJten a + c'> 6+ c and 
(a+c)^{6+c)^a-^6 ; and conversely y if a + c'^ 6+ c, 
then a> b and ^ — ^ = (rt: + r) — (^ + r). 

For the direct theorem, 

since a>b, a=iX+ 6 and a — b =: x. §§ 75, 79. 
Hence a-i-c=(x+b)+c=x +(b+c) §§46,54. 

and (a + c) — {b + c)^x. §§34,79- 

Therfor a + c> b + c §75. 

and (^a + c) — {b + c) = a — b, § 34. 

(*) See Stolz und Gmeiner, p. 15. 

(2) See Schubert, ** Encyklopadie," p. 9 ; Tannery, p. 44. 
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For the converse theorem, 

since a + c^ b + c^ a + c=x + (b + c) = {x + b) +c 
and (^ + ^) — (^ + ^) = ^. 

Hence a = x^ b and a — b^=^ x, 

Therfor a> b and ^ — ^ = (^ + ^:) — (^ + r). 

112. Theorem. If a> b, then c + a^ c + b and 
{c -{■ a) — {c '\- b) =^ a — b ; and conversely ^ if 
c + a^c-^- b, then a^b and a^b = {c+ a) — {c'\- b), 

113. Theorem. If a=^ b and b'^ c, then a> c and 
a — c^=b — c ; and co7tversely^ if a^c^ b> c, and 
a -- c =^ b ^ c, then a= b. 

For the direct theorem, 

Since ^>r, b=x + c and b^c=^x. 

§§75,79. 

Hence, since a =3, a=^X'\' c and a-^c=x. 

Therfor ^ > r and a--c=^ b •— c. 

For the converse theorem, let a^ c = x. 
Then b — c=^ x. 
Hence a=:x + c 

and b = X + c. 

Therfor a^b. 

114. Theorem. If a^ b and b = c, then a> c and 
a — b = a^ c ; and conversely ^ if a^ b, a> c, and 
a ^ b=i a — c^ then b^== c. 
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For the direct theorem, 

since a> b, a = x + b and a^ b = x. 

Since b=: c, x + b =s x + c. 

Hence a = x + c and a — c =i x, 

Therfor W^ c and a^ b = a — c. 

For the converse theorem, let a — b=: x. 
Then a ^ c = x. 
Hence a = x+ b 



and 


a= x+ c. 


Hence 


x+ b = X + c. 


Therfor 


b = c. 



§ 49. 

116. Theorem. If a>b and b> c^ then a> c and 
a — c =^ {a — b) + {b -^ c). 

Since a^by a = x+ b and a — 6= x. 

Since b'> c, b =j/ + c and b — c =j^. 

Hence ^ + b = x + (y + c). § 49. 

Hence a == {x+ji) + ^ and a — c = x+j^. 

Therfor a^c and ^ — ^ = (^ — ^) + (^ — ^). § 50. 

116. Theorem. Jf we hav a series of inequalities of 
the same kind, as a^ b> c^ d> e^ .., any number 
in the series is greater than any following number. 

The proof of this theorem is identical in form with 
that of § 2^^. 
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117. Theorem. If we hav a series of equalities or 
inequalities of the form a^d^c^d^e^-", any 
number in the series is equal to or greater than any fol- 
lowing number^ the sign being >, if ther is at least one 
sign of inequality in the series between the two numbers. 

The proof is like that of § 1 16. 

118. Theorem. If a ^ b and b > c, then 
a — c >b — c and {a ^ c)^{b — c)^=^ a — b ; and 
conversely y if a^ c ^ ^ > r, and a ^ c'^ b -^ c, then 
a> b and a — b =^ {a — c) -^ (b — c). 

For the direct theorem, 

since a> b^ c^ a^ c and ^ — r = (^ — ^) + (^ — r). 

§ IIS. 
Therfor a^ c>b — c 

and {a'-c)''{b — c)=^a — b. §§ 75, 79. 

For the converse theorem, 

since a> c^ a = x+ c and a — c = x. 

Since b'> c, b=y + c and b — c =y. 

Since a — c> b — c, x>y, §117. 

Hence ^ + ^>^ + ^. §111. 

Or a>b. §117. 

Therfor, by the first part of the theorem, since 
a^ b^ Cy a -- b^ (a — c) ^ {b — c), 

119. Theorem, If a > b and b > c, then 
a -— c^ a^ b and {a — c) — {a — b) =^ b — c ; and 
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conversely, if a> c^ (i> b, and a-^ c> a — b, then 
b> c and b —■ c = {a — c) -^{a — b), 

120. Theorem. If a > b and c =^ d, then 
a + €"> b + d and {a + c)-- {b + d) = a^ b ; and 
conversely, if a + c'^ b + d and c =^ d, then a> b 
and a — b = (a + c) ^ (b + d). 

For the direct theorem, 

since ay>bfa + c>b + c 

and (a + c)-'{b + c) = a'- b. § 1 1 1. 

Since c=:d, b + c=b + d. § 49. 

Therfor a + cy> b + d 

and {a +c) — {b + c) = {a + c)^(b + d).^i 14. 
Also (a + c)—{b + d) = a'-'b. § 34. 

For the converse theorem, 
since c=^d, b'\-c^=b'\-d. 
Hence, since ^ + r > ^ + ^/, 

a + ^> b + c 
and {a + c) — {b-\- d)=={a + c) — {b + c). 

Therfor ^ > ^ and a — b = {a + c) — (b + c). 

Also ^ — iJ = (^ 4. ^) — (J,^ d). 

121. Theorem. If a> b and c> d, then a + c 
^ b + d and (^ + ^:) — (<5 + rf) = (^ — iJ) + (r — d). 
Since a> b, 
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a + i:> 6 + c and (a + c) -- (6 + c) = a — 6. § 1 1 1. 
Since C^ d, 

b + c> b + d dSid {b + c) -- {b + d) = c ^ d. § Ii2. 
Therfor a + c^ b + d and {a + c)-'{b + d) = 

l_{a+c)^{b + c)'\ + l{b+c)^{b + dy\ 

= {a^b)+{c--d). §§ IIS, 50. 

122. Theorem. Jf a = b, c = d, and by> c, then 
a^ Cy b> d, and a — c =^ b — d ; and conversely ^ if 
a> Cy b> dy a^ c = b -^ dy and c = dy then a = b; 
if a^Cy b> dy a — c = b —• dy and a = by then c=i d. 

For the direct theorem, 

since ^ = ^>r, a'^ c and a -^ c =^ b — c. 
Since by* c =^ dy b> d and b — c =: b ^ d. 
Therfor a — c ^=b ^ d. 

For the first converse theorem, 

since b'^ d= Cy b — d^=b — c. 

Hence, since a^ c = b ^ d, 

a — c ^=^b -- c, 

Therfor a = b. 

Similarly the remaining theorem may be proved. 

123. Theorem. Ifa>by c=dy and b>Cy then a>Cy 
b^ dy a — c> b — dy and {a ^ c) — {b — d) = a — b ; 
and conversely y if ^>r, b> dy a -^ c >b — d, and 
c = df then a^ b. 
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For the direct theorem, 
since a> b> c, ^ > ^, 

a — c^b^Cy and {a ^ c) — {b — c) =^ a — b, § 1 1 8. 
Since b> c= d, b> d 

and b-^c^ b-^ d. 
Therfor a — c'^b — d 

and (^ — <r) — (^ — <r) s= (^ — r) — (^ — d\ 

Also {a — c) — {b '— d)=^ a — b. 

For the converse theorem, 
since b> d=^ c^ b — d= b — c. 
Hence, since a — c> b — d, 

a — c> b — c, 
Therfor a> b §ii8. 

124. Theorem. Ifa^b, c>d, and b>c, then a^c, 
b'> d, a — c <^b — d, and {b — d) — {a — c) = c — d; 
and conversely, if a> c, b^d, a — c <^b -— d, and 
a^=^by then c> d. 

For the direct theorem, 

since a^ b> c, a> c 

and a^c=^b — c. 

Since b'> c> d^ b> d^ 

b^d>b-^c,2XiA(b — d)^{b^c)^C'^d. 
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Therfor a — c <ib — d 

and (^ - ^ _ (^ _ ^) = (^ - d)'^{b^c). 

Also {b — d)'-~{a — c)=i c-^ d. 

For the converse theorem, 
since b^=i a^ c^ b — c^= a — c. 
Hence, since a — c <ib -— d^ 

b^c<b'-d. §§89,114. 

Therfor c> d, §119. 

125. Theorem. If a'>b,c >rf, andb> c, then a>d, 
a — ^> b — c, and {a —d)—{b — c)={a — b)'\-{c —d). 
Since b^ c> d, b'> d, 

b — d>b — c, and {b — d) — {b — c) = c — d. 
Since a^ b^ d, cl> d, 

a — rf> b — d, and {a — d) — {b — d)^ a^b. 
Therfor a — d^ b — c and (^ — rf) — (^ — r) = 

= (^~^) + (^-4 §§ 115,50. 

126. Theorem. If a> b, c^ d, and a ^ b = c — dy 
then a + d=b + c; and conversely , if a> b and 
a -\- d=:b + c, then c^ d and a — b^^c — d. 

For the direct theorem, 

since a>by a + d>b + d 

and {a + d)'-{b + d) = a—b. §111. 
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Since c> d, b + c> b + d 

and {b + c)'-{b'\- d) = c — d. § 1 12. 

Hence, since a — b =^ c — d, 

^a + d) — {b + d)=^{b + c) — (b + d). 
Therfor a + d= b + c. '§113. 

For the converse theorem, 
since a'> b, a+ d'> b + d 

and {a + d) — {b + d) = a — b. 

Hence, since a + d = b -\- c, 

b + c>b + d 

and {b + c) ^ {b + d)^ {a -\- d) ^ {b -\- d). § 113. 

Hence c>d 

and c^d^{b -^ c) — {b-^ d). § 112. 

Therfor a — b^c^d. 

127. Definition. From the preceding theorem it fol- 
lows that if either of the statements **a^ b, €> d, and 
a — b^=c — d'' and ^^a>b and a + d= b + c*' is 
true, the other is. The truth of either statement is 
then said to be a necessary and sufficient condition 
for the truth of the other. The truth of either state- 
ment follows necessarily from the truth of the other ; 
and the truth of either is sufficient to establish the 
truth of the other. 
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Whenever a theorem and its converse ar both true, 
we have two statement^, the hypothesis and conclusion 
of either theorem, either of which statements is a 
necessary and sufficient condition for the truth of the 
other. ? 

128. Theorem. If a> b^c> d, and a — b^c — d^ 
then a+ d> b + c and (a + d)^ (b -\- c)=: (a — b)-^ 
(c — d) ; and conversely , if c> d and a + d> b + c^ 
then a^b and a — b^c — d. 

For the direct theorem, 

since a> b^ a + d'> b ]- d 

and (a 4- d)-- (b + d) = a — b. 

Since €> d, b + c> b -^ d 

and {p + c)'-{b'\-d)^c^d. 

Hence, since a-— b'> c — d, 

(a + d)-^{b + d)>{b + c)--{b-\- d) 
and [(^+rf)-(^ + ^)]-[(^+^)-.(^+rf)] 

Therfor a + d'> b + c 

* and {a + d) — {b + c) = {a'-b)^{c'- d). 

For the converse theorem, 

since ^>^/, b + c^ b.+ d ^ 

and (J!f + c) — {b + d)=^c^d. 
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Hence, since a + d^ b + c^ 

a + d> b + d 
and {a + d) — {b + d)> {b + c) — {b + d). 
Therfor a> b and a — b ^{a + d)'—{b + d). 

Therfor a — b^ c -— d, 

129. Theorem. Having given any two numbers a 
and bf one of the statements a^= by a^b, and a<ib 
must be true, and only one can be true (^). 

For either ^ = ^ or ^ 4= *. 

In the latter case either ^ = ;ir+^or;ir+^ = ^. 

§45. 
Hence either a'> b or a <,b. 

Therfor one of the statements a^=^ b, a> b, and 
a<ib must be true. 

Now, )ia^ibya^x-\-b and x -\- a^ b. 

§§ 43, 7, 8. 
Hence, if ^ = ^, ^ > ^ and a-^b. 

If a'> b, ar= x+ b. 

Hence a ^ b. § 44. 

Moreover, if ^ > ^, ^ < ^. For if ^ < ^, since also 
a'^ b, we would hav ^ > ^ (§ 1 1 S), which contradicts 
§105. 

Hence, if ^ > ^, ^ 4= ^ ^^^ ^ <t ^^ 
Similarly it may be shown that if a <^ b, a ^ b and 
a>b. 

(') See Stolz und Gmeiner, p. 6. 
4 
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Therfor only one of the statements a=-b,a~:>b, and | 
a <,b can be true. 

This theorem may be more briefly, tho less exactly, 
stated : 

Having given any tivo numbers a and b, either a = 6, 
a'> b, or a<,b, 

130. Beflmtioii, Every proof, when written in its 
complete form, consists of one or more steps calld 
ByUogisms('). Every syllogism consists of three state- 
ments, the major premis, miaor premis, and concln- 
gionC). The major premis is always a general truth 
which has already been establisht, either a definition, 
axiom, or theorem. The minor premis is a particular 
truth from which and the major premis the conclusion 
follows as a necessary consequence. 

131. Ther ar several kinds of syllogisms, but the ] 
ones most frequently used in mathematics ar five in 
number, two in which the major premis is a categorical 
statement, two in which the major premis is a hypo- 
thetical statement, and one in which it is a disjunctiv , 
statement. These may be represented symbolically as 
follows : 

I. CoNSTKucTiv Categorical Syllogism. 
Major Premis. All B is C. 
Minor Premis. A is B. 
Conclusion. Therfor A is C. 



(i)SeeJevoQ5-HilI, p. lo. 
OSeeJevons-Hill, p. 113. 
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II. Destructiv Categorical S\i,logism. 
Major Preniis. All B is C. 
Minor Premis. A is not C. 
Conclusion. Therfor A is not B. 

III. Constructiv Hypothetical Syllogism ('). 

Major Premis. If A is B, then C is D. 
Minor Premis. A is B. 
Conclusion. Therfor C is D. 

IV. Destructiv Hypothetical Syllogism. 

Major Premis. If A is B, then C is Z*. 

Minor Premis. C is not Z*. 

Conclusion. Therfor A is not 5. 
V. DisjuNCTiv Syllogism C^, 

Major Premis. Either A is B, or C is Z). 

Minor Premis. A is not 5. 

Conclusion. Therfor C\s D. 
133. Definition. When a constructiv syllogism is 
used in a proof, the proof is said to be direct ; when a 
destructiv syllogism is used, the proof is calld indi- 
rect, or a reduction to absurdity (^) ; when syllogism V 
is used, the method of proof is calld the metliod of 
ezhaastion or exclnsion. 

Up to § 129 all our proofs were direct. But in that 
article we used an indirect method to show that if 
a~> b, then a -^b. 



(>)SeeJevons-Hill, p. 151. (') See Jevons-Hil!, p, 157. 

(•) See Beman and Smith, "New I'lane and Solid Geometry," 
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133. Theorem. In the natural series of numbers each 
number is one less than the immediately succeeding num- 
ber. 

For, if i7 + \ = b,a\% one less than b. % y%. 

134. Theorem. In the natural series of numbers each 
number is less than every succeeding number ('). 

135. Theorem. Unity is the smallest of all numbers l^\ 
For unity is the first number in the natural series 

and every number has a place in that series. 

136. Theorem. Having given any number, ther is 
a number greater than it. 

For, if a is any given number, the number « + i is 
greater than it. 

This theorem is equivalent to the statement that 
ther is no greatest number. 

137. Definition. Infinit. Finite. When, having 
given any number of objects of a particular class, 
another of the same class can be found, the class is 
said to hav an unlimited, or infinit number, of objects ; 
less exactly, the number of objects in that class is said 
to be unlimited or infinit. 

In contrast, the number of objects in a group, which 
does not hav the above property, is said to be limited, 
or finite. 

138. Theorem. The number of numbers is infinit (^, 

{') See Cantor, " Sur les fonderaents de la Thiorie des Ensembles 
Transfinis," tranalHted from the German by Marotte, 1899, p. 14. 
{') See Cantor, p. 17. 
{') See Lucas, " Tbdorie dcs Nombres," iSgr, p. 3. 
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For, having given the numbers i, 2, 3, ■ ■-, a, ther 
is a number a -\- 1 greater than all of these {§ 134) 
and therfor different from them. § 129. 

The natural scries of numbers has, then, no limit. 
It has a beginning, but no end. 

139. Theorem. If a<,b -^c, b is one of ike nutn- 
bers in the natural series between a and c. 

Let b^a-\- X. 

The numbers following a in the natural series ar 
a + r, a + 2, a + 3, ■ ■ ■ § 69. 

Since jr is a number in the series i, 2, 3, ■ ■ ■ (§ 65), 
one number of the above scries \=, a -^ x at b. 

Let c = b^ y. 

Then b +_;' or c is one of the numbers b -y i,b + 2, 
^ + 3i ■ ". which follow b in the natural series. 

We hav then the portion of the natural series a, 
a+ I, a-\- 2, a + -i, ■ ■ ; b, b -\- i,b + 2,b -\- i, ■ ■■, c. 

Therfor b is one of the numbers in the natural series 
between d and c. 

140. Definition. On this account, when a < ^ ■< c, 
b is said to lie between a and c in magnitude, 

141. Theorem. If a and b ar any two consecutiv 
numbers in the natural series, ther exists no number be- 
tween a and b ('). 

For, suppose a<_c <_b. 

Then b~a->b-c^X. §§119,135. 

Hence b — a^ \. 



(') See Cantor, p. 15. 



But by hypothec 
Hence 
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b— a= X. 



Since b ~a cannot be both greater than one i 
equal to one (% 129), the theorem is establisht. 

142. Subtraction. When two unequal numbers a 
and b ar given, we may determin which is the greater 
and find their difference, a — b or b ~ a, by the fol- 
lowing method. 

Consider the two series of numbers 



b, b+ I, b + 2, (5-1-3, 



-. b + a 



n, a+ I, a+ 2. « + 3. ..-, a -\- b , ... 

Now either a'> b or a <^b. §1 29. 

In the first case ^<«<^ + (z. § 108. 
In the second a <:ib <ia + b. 

In the first case, then, a must be one of the num- 
bers in the first series between b and b + a. 5 1 39. 

In the second case b must be one of the numbers in 
the second series between a and a + b. 

In any case, then, either a will be some number 
b + :f;in the first series and the difference a — b will 
be :r, or ^ will be some number a -\- jf in the second 
series and the difference b — a will be j'. 

By forming these series, therfor, we may 
whether a':> b or a<ib and find the difference 
i[ a> b, or b — a,if a <:ib. 



determin ^H 
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143. Thus, to find whether $ > 2 or 3 > 5, and also 
to find the difference between these numbers, we form 
the two series 

S. 5+1. 5 + 2 

and 2, 2+1, 2 + 2, 2 + 3, 2 +4, 2+5, 
Of 5- 6. 7 

and 2, 3, 4, 5, 6, 7. 

We find that 2 is not in the first series, but 5 is 
in the second and 5 = 24-3. Hence S > 2 and 
5-3 = 3- 

Hence also the symbol 2 — 5 is meaningless. 

§87. . 

144. Theorem. Any given set of numbers, no two of 
■which ar equal, may be arranged in a series so that each 
shall be less than the succeeding one. 

Let the given set be a, b, c, d, e,- ■ ■ 

To arrange these numbers in a series so that each 
shall be less than the succeeding one, we put down 
any one number first, say a. 

Then we compare any other, as b, with a. 

\{ b <.a, we set down b in front of a. If (^ > «, we 
set b down after a. 

Suppose by- a. Then we hav the series a, b, 
wher a <_b. 

Next we compare c with a and place it befor or after 
a according as it is less or greater than a. 
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Suppose c^ a. Then we must compare c with 3. 
If c < fi, we hav the series a, c, b, wher a <ic <.6. 

Similarly we may compare each of the other num- 
bers in turn with those already in the series and assign 
to it a place in the series. 

Thus we may hav the series a, c, b, d, e, •• ■, wher 
rt < c < (^ < ^ < ^ < - . . 

Numbers so arranged ar said to be arranged in 
order of magnitude, or simply orderd. 

145. Definition. Operation of Snbtraotion. The proc- 
ess described in § 142 for finding whether « > ^ or 
a <ib and for finding the difference between a and b, 
or between b and a is calld subtraction, 

Thus the difference a — b, when it exists, is obtaind 
from a and b by an operation, the operatisn of sub- 
traction. In this operation a is the operand, the 
passiv element, or minnendj and b the operator, the 
activ element, Bnbtrahend ("), or snbtrahent (°). 

We may also obtain « — (^ by the use of objects ('). 
If from a group of a objects we take away b objects, 
the number remaining will be « — ^. 

Or, if from a group of a objects we take away enuf 
objects for the number remaining to be b, the number 
taken away will be rt — i^. 

These results follow directly from § 1 10. 

(') See Schubert, " EncyklopSdie," p. 9. 
{')This name, with an acliv ending, wa 
See Schubert, "Mathematical Essays," p. ii, 
(>) See Tannery, p, .3. 



proposed by Schroder. 
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146. SnbtrSrCtion Table. In order to make a table 
of the existing differences between all possible pairs of 
the numbers i, 2, 3, ■ - ■ , D, we divide a square into 
compartments as in § 74 and write the numbers 
I, 2, 3, ■ ■ ■, tg along the top and left-hand sides of the 
square as in that article. 

In each compartment we wish to place the number 
which is the differonce between the two numbers found 
respectivly at the left of the row and at the top of the 
column in which the compartment lies, if this differ- 
ence exists. 

Thus in the sixth row of compartments we should 
write the numbers that represent the differences 6—1, 
6 — 2, 6- 3, ■-. 

To find these differences we may use the addition 
table (i 74) to advantage. We notice that in the com- 
partments of that table the 6's lie in a line going from 
the top downwards and to the left. The 6 of the first 
row is in the fifth column ; hence 6—1 = 5 (§ 79)- 
The 6 of the second row is in the fourth column ; 
hence 6 — 2 = 4. And so on. Ther is no 6 in any 
row below the fifth, so that the differences 6 — 6,6 —7, 
6 _ g, . . . do not exist. 

Hence the sixth row of our new table will contain 
the numbers 5, 4, 3, 2, i in the first five compart- 
ments and none in the others. 

In a similar manner we may form the rest of the 
table, which is given below. 



1 

3. table ^1 
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Subtraction Table. 
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147. Definition. An inverse of a given operation is an 
operation that undoes the work of the given operation. 

148. Theorem. The operation of subtraction is inverse 
to that of addition ('). 

For, as we hav seen in 5 lo8, if we add 5 to a given 
number and then subtract b, we get back the original 
number. 

149. Theorem. Addition is inverse to subtraction. 
For (§ I lo), if we subtract b from a given number 

and then add b, we get back the original number, 
(') See Schubert, " EncyklopSdie," p. 8. 
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160. Definition. The operation of addition is calld 
a direct ('), or synthetic operation. Having given 
two numbers we find their sum directly, that is, with- 
out the intervention of any other operation. 

On the other hand, in subtraction, having given two 
numbers, of which the second is a part of the first, the 
object is to find the other part, that is, to find a third 
number which added to the second makes the first. 
Every question in subtraction is, then, tumd into a 
question in addition. 

For this reason subtraction is calld an indirect or 
analytic operation. 

For the same reasons as above given a -\- b and 
a~l> 3J calld respectivly synthetic and analytic com- 
binations (') of the numbers a and b. 

The opposition in nature between the two opera- 
tions may also be well shown by the equality 
c=a-\-b. 

If a and b ar given to find c, we get the result by 
addition. 

If c and b ar given to find a, or c and a given to 
find b, we get the result by subtraction, the opera- 
tions in these two cases being of the same nature be- 
cause of the commutativ law for addition. 

The operation of addition is always possible. The 
operation of subtraction is possible only when the 
passiv number is greater than the activ number. 

(i)SeeSlolzundCnieiner, p. 5 ; Schubert, EncyblopSdie, p. 8. 
OSeeGmssmann, p. 5. 





PART II. 

INTEGERS. 
CHAPTER III. 

POSITIV INTEGERS. ZERO. NEGATIV INTEGERS. 

ISl. We now proceed to invent a new system of 
numbers and will, therfor, for the sake of distinction, 
call the numbers hitherto treated of primary numbers ('). 

1S3. We have seen that, when a > 3, the symbol 
a~ b has a meaning, that is, the two primary num- 
bers a, b, when written in this orderand connected by 
the sign — , determln a certain concept, the difference 
between a and b. When a'^ b, the symbol a — b is 
meaningless and the numbers a, b determin no con- 
cept, when written in this order and connected by the 
sign — . It will be useful, however, to hav the num- 
bers a, b determin an idea even when a >■ ^, which 
shall hav properties like those of the difference a — b, 
when a';:>b. 

153. Definition. Let us agree, then, that every two 
primary numbers a, b, taken in this order, shall de- 
termin a concept ('), to be calld an integer, this con- 

^OSceLefevre, p. 19. 

{<) For this method ofdefining an integer see Dini, "Grundlagen filr 
dne Theorie dcr Funclionen einer veranderlichen reellea GrOsse," trans- 
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cept to be the difference a — b, when a~>b ('), that 
is, when the symbol a — b has a meaning, and in all 
other cases to hav properties like those of a difference. 
Let us also call this new concept a number. 

Stated briefly, then, an integer is a number couple 
made by combining two primary numbers a, b in this 
order, the number couple being the difference a—b, 
when fl>*, and in all cases having properties like 
those of a difference. 

Thus every two primary numbers determin an in- 
teger. 

In the case when the integer is a difference it is 
univalent by § 77 ; let us agree that in all other cases, 
also, the two primary numbers shall determin only 
one integer. 

Then every two primary numbers will determin 
one, and only one, integer. 

This concept, the integer determind by the primary 
numbers a, b, is not the difference between a and b, 
except when ay- b, but a new idea created by our 
imagination, a compound idea made up of the two 
simple ideas a and b. 

164. We might use for this compound idea any 
symbol to which a meaning has not already been 

laled from the Italian by Ldrolh und Schcpp, 1892, p. 3. The idea nf 
"nomber couple " isdueloWni. Rowan Hamilton, Seethe Traits- 
aelions of the Royal Irish Academy, 1S35, Vol. XVII., part 2, p. 293 ; 
"Hainillon's Leelures on QuaterniODs," 1853, preface, p, 8; Stnlz 
ond Cmeiner, p. JI- 

(') See Dini, p. 4 ; Slolz und Gmeiner, p. 48. 




attacht and which should show distinctly the two 
primary numbers of which the integer is composed. 
Thus we might use the symbol a — b ('), which by 
agreement represents the same idea as the integer 
when a~> h. But we would then be likely to confuse 
the idea of integer with the idea of difference. We 
will therfor use the symbol {a, b) Q). 

Thus, for example, (5, 2), (4, 4), and (3, 7) ar 
integers. 

155. Definition. The primary numbers a and b will 
be calld the elementB of the integer {a, 6), a the first 
element and b the second. 

156. The order of the elements is essential. Thus 
(a, b) is not necessarily the same integer as (b, a). In 
case, however, the tivo elements ar the same, inter- 
changing them does not alter the integer. 

157. For the sake of clearness, we will continue to 
use the Roman letters a, b,c,d, ■ ■ ■ to denote primary 
numbers and will use the Greek letters a, /9, j-, 5, ■ • ■ to 
represent integers. We will also employ one Roman 
letter with the distinguishing subscripts i , 2 to denote 
the two elements of any given integer, and the corre- 
sponding Greek letter to represent the integer itself. 

Thus a represents the integer (a^, a^, (i the integer 
(b^, b^, 7- the integer {c,, r^), and so on. 

(') See Blalement of Principle of Continuity, or Permanence, in Pea- 
cnclt's "Symbolical Algebra," 1845, p. 2 and in Hankel's " Theorie 
der Itomplenen Zahlsystemc," 1867, | 3. See also Lefevre, p. 76. 

(') See Sfolz und Gmeiner, p. 47. 
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158. Tlieoreni. The system of integers includes the 
system of primary numbers. 

Let a be any given primary number. Chcxising a^ 
at random and setting a, = «j + a, we hav rt, — Aj = a. 
Hence the integer {a^, a^ is the primary number 
a^~a^Qia. §153. 

169. Definition. Integers may be divided into three 
classes according as the first element is greater than, 
equal to, or less than the second. 

Integers of the first class are calld poEitiv, those 
of the second zero, and those of the third negativ ('). 

Thus (2, i), (5, 3), (9, 5) ar positiv integers, (1, i), 
(3> 3). (7. 7) ar zero integers, and (i, 3), (2. 7), (4, 9) 
ar negativ integers. 

160. Theorem. All positiv integers ar primary num- 
bers, and conversely. 

161. Definition. The integer obtaind from a given 
integer a. by interchanging its elements is calld the 
opposit, or negativ, of a and is indicated by the symbol 
a or ~a, the sign — being written directly over a, or 
above and slightly to the left (°). This symbol is 
univalent (§ 153). Thus, if a is («,, a^, a is («j, «,). 
For example, if a is (8, 3). 5 is (3, 8). 

The minus sign, as here used, is a sign of operation. 

Sometimes, to more clearly distinguish a from a, a 
plus sign is written over a, thus a, or above and 
slightly to the left, thus"^fl. 

(1) See Dini, p. 4. 

(') For this symbol see Stoli und Cmeiner, p, 54. 
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Since every primary number is an integer (§ i6o), 
every primary number has its opposit. 

162. Tfaeorem. Every negativ integer is the opposit 
of some primary nmnber. 

Thus, suppose (iij, a^ is negativ. 
Then a^ <^i- § 159- 

Now («[, Hj) is the opposit of (a^, </,) wher a^ > a^. 
Hence (a^, a^ is the opposit of the primary number 
ffj — d,, that is, (a,, a^ is the same as ~{a^ — a^). 
If a^ — a, = a, (a,, a^) is the same as a. 
For example. (4, 6) is 2, (s. 9) is 4, (i, 8) is 7. 

163. The signs 4- and — over primary numbers 
may be regarded as signs of quality showing whether 
the integer thus represented is positiv or negativ. 

164. Theorem. T/ie opposit of a positiv integer is a 
negativ integer; the opposit of a zero integer is a sero 
integer ; the opposit of a negativ integer is a positiv 
integer. 

If ((Z|, rtj) is positiv, a^ > a^. 
Hence a^ < c^ and (a^, a^ is negativ. 
Similarly the other parts of the theorem may be 
proved, 

165. Theorem. TTte opposit of the opposit of a given 
integer is the given integer. 

166. Theorem. If we interchange the elements of an 
integer an odd number of times, the resulting integer is 
the opposit of the given integer; if we interchange the 
elements an even number of times, the result is the given 
integer. 







167. Let us proceed now to giv integers properties 
analogous to those possest by differences. Let us 
define the terms equal, greater, less, sum, difference, 
etc., in connection with integers. These terms ar at 
present meaningless with reference to integers. We 
can therfor giv any definitions for them that we please, 
provided the definitions ar not inconsistent with each 
other or with preceding definitions. We must remem- 
ber in particular that, when u > i5, the integer (a, b") is 
the difference a — b, a. primary number, and that for 
such integers the above terms ar already defined. 

168. Definition. Eiiuality('). To obtain a proper 
definition for the term "equality" with reference to 
two integers {a^, a^ and {i„ S^, let us consider first 
the case when a, > a^ and d^ > d^, in which case these 
integers ar the primary numbers a, — a^ and ^, — i^. 

By § 126 a necessary and sufficient condition for 
the equality of a^ — a^ and b^ — b^, when a^ > a^ and 
(5, > b^, is that rtj + b^ should equal a^ + b^. If we make 
this condition our requirement for the equality of any 
two integers (a,, a^ and {b^, b^, ther will be no con- 
tradiction of definitions and the property of equality 
of two integers will be like that of equality of differ- 
ences. Formally then we define : (a, , a^ = (b^, b^), if 
ai + b^ = a^ + by 

Thus (7, 4) = (9, 6), since 7 + 6 = 4-1-9; 
(5,9)°(i> 5 ). since S + S = 9 + i- 

{')SeeDini, p. 3 ; Darts, " I«gic of Algebra," 1890, p. ij ; Slob 
mid Gmeiner, p. 4S. 
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169. Theorem. If a^=^b^ and a^ = b^^ then 

K» ^2) = iPv ^2)- 

For, then, a^-^b^^a^ + b^, § 50. 

170. Theorem, a = a, or (a^, a^ = (a^, a^. 
This follows from § 169, 

since a^ = a^ and a^ = a^, § 6. 

171. Theorem. ^ a = /9, /A^;^ ^ = a. 
Since a =^, or (^j, ^2) = (^p ^2)' 

^j + <^2 = ^2 + ^V § 168. 

Hence S + ^1 = ^1 + ^r § 7- 

Or b^ + a^=b2 + a^. §41. 

Therfor /?=«. § 168. 

This theorem is the Commutativ Law for Equality 
of Integers. 

172. Theorem. If a^^, then jS 4= a. 

This is proved in the same way as § 8. 

173. Theorem. If a = ^ and /9 = 7* then a = y. 

Since a = j8, a^ + b^== a^+ b^. 

Since ^8 = 7', ^1 + ^2 = ^2 + ^r 

Adding, {a^ + b^ + {b^ + c,) = (^2 + ^1) + (^2 + ^i)- 

§50. 

Or K + c,) + (^, + ^,) = {a, + r J + (b, + b,). 

§59. 
Hence a^ + c^ = a^ + c^ § 48. 

Therfor a = 7*. 
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174. Theorem. If a = ^ and /9 + r, 'A^« « 4= T* 
This is proved in the same way as §35. 
17fi. Theorem, If we hav a series of egualities in 
which the right member of each equality, except the last, 
is also the left member of tlie succeeding equality, as 
a = ^ = Y= 3= s= ■■; then any integer in the series 
is equal to any other integer in the series. 

176. Theorem. If a = ^, then a is positiv if ^ is 
positiv, a is zero if ^ is zero, and a is negativ if ^ is 
negativ. 

Since « = ;9, a^-^ b^ = a^-\- b^. 

If j9 is positiv, ^, > b,j. 

Hence a^'> a^. §126. 

Therfor a is positiv. 

Similarly the other parts of the theorem may be 
proved. 

177. Theorem, If a = ^,thena = % 

178. Theorem, If we hav a series of equal positiv 
integers, they all represent the same primary number. 

Suppose a = ^ = Y= ■■■ 

Then, since a, ^,'{, ■ ■ • ar all positiv, this means 
that a, — a^=b^~b^ = c^~c^=--. 

That is, a, — a^, b^ — b^, ^^^ c^, ■ ■ • ar the same 
primary number. § 5, 

Therfor a, p, f, ■• ■ all represent the same primary 
number. 

Thus (4, 2), (s, 3), (8, 6) all represent the primary 
number 2. 




■ all represent the same 


primary 




§178. 


the opposits of «, /?, j-, ■ ■ 


■ § 165. 


■ ar all opposits of the ; 


same pri- 
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179, Theorem. If we hctv a series of equal negativ 
integers, they ar all opposits of the same primary number. 

Suppose « = (9 = r = ■ ■ ■ and that a,^,f, ■•• ar neg- 
ativ. 

Then a = )9 = ;-=■■ • and a, /9, 7-, ■ . ■ ar positiv. 

§S 177. 164. 

Hence «. A T. 
number. 

But a,p,r. ■■■ 

Therfor a, ^, j, 
mary number. 

Thus (3, 7}, (3, 8), (4, 9) ar all opposits of the pri- 
mary number 5 and may be represented by the symbol 
S- 

180, Theorem. All sero integers ar equal Q). 
\jiX. a and ^ be any two zero integers. 

Then a^^ = a^ and ^, = ^j. §1 59. 

Hence a^-\- b^= a^ + b^. 

Therfor « = ^. 

Hence, if a, ^, ;■, ■ - . ar a series of zero integers, 

181, Definition. We saw in § 17S that a series of 
equal positiv integers all represent the same idea, a 
certain primary number. 

In §§ 179, 180 we saw that a series of equal nega- 
tiv integers ar all opposits of a certain primary num- 
ber and that all zero integers ar equal. 

(1) See Dini, p. 4- 
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We will therfor, for the sake of uniformity in our 
system of numbers, say that all equal nefjativ integers 
ar the same number and that all zero integers ar the 
Bsme number. The latter number we will call zero, 
cipher, or naught and will represent by the symbol 
o('). 

Thus o stands for {3, 3), (5, 5), (8. 8), ■ ■ ■ 

182. We may therfor henceforth, when any two 
integers ar equal, say they ar the same integer. 

183. Theorem. = 0. 

184. Theorem. S = a. 

185. Theorem. If the same primary number be added 
to each element of an integer, the integer is unchanged. 

In symbols {a^ + k, a^ + k) = {a^, aj. 
This follows immediately from the definition of 
equality. 

186. Definition. Greater. Less(^. In order to dis- 
cover a proper definition for the terms " greater " and 
"less" with reference to two integers («,, Aj) and 
(^i, b^}, let us consider first the case when these inte- 
gers ar the primary numbers d, — a^ and b^ — b^. 

By § 128 a necessary and sufficient condition that 
flj — a^ should be greater than b^^ — b^, when iz, > a^ 
and ^i>^j, is that «, + b^ should be greater than 
«j -I- b^. If we make this condition the meaning of the 
statement " [a^, a^) is greater than (1^,, b^," ther will be 



{i)The symbol o is osed in nn In 

century to denote the absence or lack of 

(') See Davis, p. 17 ; Stoli und Gmi 
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no contradiction of definitions. Formally, then, we 
define : (^„ a^) > {d^, b^, if a^ + b^>a^ + b^. 

Similarly, we define: {a^, a^ < (^j, b^y if 

^1 + ^2 < ^2 + K 

The properties of inequality of integers ar, then, like 
those of inequality of differences. 

187. Theorem. Having given any two integers a 
and j8, one of the statements a = ^^ « > i®, and a < j8 
mjist be true, and only 07ie can be true. 

For one of the statements ^^ + ^^ = ^2 + ^i» 

^1 + ^2 ^ ^2 + ^i» ^^^ ^1 +^2 < ^2 + ^1 ^ust be true, 
and only one can be. § 129. 

188. Theorem. ^ a > /9, then /9 < «, and conversely, 

Ifa>j9, ^^ + ^2>^2 + ^^. §186. 

Hence ^2 + <^i < ^1 + <^2- § ^9- 

Or b^ + a^<b^-^ a^. §§ 41, 117. 

That is, i9<«. §186. 

For the converse theorem reverse the steps. 

189. Theorem. If a'>^, then a < )8i 

190. Theorem. If a = ^ and j8 > r> if^^^ « > r- 
The proof of this theorem is formally the same as 

that of § 173. 

191. Theorem. ^ a > /9 and /9 > 7*, then a > ;'. 

192. Theorem Q), If a<c^ and ^ = r> l^^ « < T- 

Since a <^ = 7-, r = ^>^' §§171,188. 

Therfor r>^- §190. 

Or a<r. §188. 

(1) See Stolz und Gmeiner, p. 6. 




193. Theorem. If a < ^ and ^ <r, then a<-[. 
The proof of this theorem is like that of § 192. 

194. Theorem ('). If ay-^ and ^ = r, t^ien a > j-. 
For either a = ^, a < ;-, or a >■ ;-. § 187. 
If a = J-, since also j- = (9, a = ^. § 173, 
But this contradicts the hypothesis. § 187. 
Hence ''^ + T 

Similarly ^'K.X- 

Therfor a > j-. 

195. Theorem. Ifa = ft and ^ < y, then a<^y. 
This follows from § 194 by the method used to 

prove § 192. 

196. Theorem. If we haro a series of inequalities of 
tSie same kind, as a'^ ^ '^ j- '^ S "^ e y- ■ ■ •, any integer 
in the series is greater than any follffiving integer. 

The proof is the same as that of § 116. 

197. Theorem. If we hav a series of equalities or 
inequalities of the form a^^^y^d^e^---, any in- 
teger in the series is equal to or greater than any follow- 
ing integer, the sign being >, if ther is at least one 
sign of ijiequality in tlie series between the two integers. 

The proof is the same as that of § 117. 

198. Theorem. Any given set of integers, no two of 
ivhich ar equal, may be arranged in order of magnitude. 

This theorem is proved in the same way as g 144. 

199. Theorem. In any given set of integers, no two 
of ivhich ar equal, ther is one greatest and one least. 

(') See Stall und Gmeioer, p. 6. 
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When the given set is arranged in order of magni- 
tude, the last integer is greater than all the others 
(§ 196); the first integer is smaller than all the others. 

Ther cannot be t^\'o, each of which is greater than 
all the others. 

For, suppose X and fi were each greater than all the 
others. 

Then ^ > /i and fi'> L 

Since /i > ^, ^ < /i. 

But this contradicts § 187. 

Hence ther is only one integer greater than all the 
others. 

That is, ther is one greatest integer. 

Similarly ther is one least integer. 

200. Theorem. Every positiv integer is greater than 
zero ; every negativ integer is less than zero ; and con- 
versely ^ every integer greater than zero is positiv ; every 
integer less than zero is negativ. 

For, if (^1, a^ is positiv, a^ > a^. 

Hence ^i + ^ > ^2 + ^- §111. 

Therfor (^1, a^ > {b, b). 

Or (^1, ^2) > o. 

Similarly the second part of the theorem is proved. 
For the converse theorem reverse the steps. 

201. Theorem. Every positiv integer is greater than 
every negativ integer ; every integer greater than a 
positiv integer is positiv ; every integer less than a nega- 
tiv integer is negativ. 



I 
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202. We saw in §§ 5, 75 how to compare two 
positiv integers ; in § 201 we leamd that every positiv 
integer is greater than every negativ integer. The fol- 
lowing theorem will giv a rule for comparing two 
negativ integers. 

Theorem. Jfa '>I,a<_b; if a = b,a = b; ifa< I, 
a~>b ; and conversely, if a <id, a':>7>; ifa= b, a^=b; 
ifa>b,~a<7>. 

This follows immediately from §5 177, 189. 

This theorem might be abbreviated as follows : 

ji ^ 3 according as a%.b. 

203. Definition. Sum ('). In order to derive a 
proper definition for the sum of two integers {a^, a^ 
and {b^, b^, let us consider first the case when these 
integers ar the primary numbers a^ ~ a^ and b^ — b^ 

By § 121 the sum of the primary numbers a^ — a^ 
and b^ — b^ is («, -|- b^ — (a^ + b^), which with our 
present notation is represented by {a, + b^, a^ + b^. 
Moreover the symbol («, + b^^, a^ + i^^) is univalent 
in all cases, since ir, + b^^ and a^ + b^ ar univalent. 
§§40, 153- 

If, then, we make the integer [a^ + i,, a^ + b^ the 
sum of {rt,, rtj) and (i^,, b^ in all cases, ther will be no 
contradiction of definitions and the sum of two inte- 
gers will hav a form similar to that of the sum of two 
differences. 

(')See Din[, p. 3. 
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Formally, then, we define : {a^y a^ + (6^, b^ repre- 
sents {a^ + ^1, ^2 + ^2)- 

204. Operation of Addition of Integers. Since in 
getting the sum of two integers {a^, a^) and (^j, 6^ we 
add a^ to 6^ and a^ to 6^, we may be said to obtain 
that sum by an operation, the operation of adding 

(^i, ^2) and (^1, ^2). 

206. Theorem. {a,,a^) + {d^,d^)^{a^ + 6^, a^ + 6^). 

For, by definition, (a^, a^ + (^j, b^ stands for 
{a^ + ^j, «2 + ^2). 

And any integer is equal to itself. § 170. 

206. Theorem. The sum of two positiv integers is a 
positiv integer ; the sum of two zero integers ts a zero 
integer ; the sum of two negativ integers is a negativ 
integer ; the sum of a positiv and a zero integer is posi- 
tiv ; the sum of a negativ and a zero integer is nega- 
tiv ; and conversely, if the sum of two integers is positiv ^ 
one of them is positiv ; if the sum is negativ ^ one is nega- 
tiv. 

Suppose a and ^ ar both positiv. 

Then a^ > a^ and b^ > b^. §1 59. 

Hence ^1 + ^1 > ^2 + ^2* § ^2^- 

Therfor a + ^9 is positiv. 

Similarly the other parts of the direct theorem may 
be proved. 

The converse theorem is proved by the method of 
exhaustion. 

207. Theorem, a + ^ = /? + a. 
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For rt, + ^, = ^, 


+ (7, and rtj -f ^j = ^2 + a^. § 41, 


This theorem i; 


i the Commutativ law for Addition 


of Integers. 




208. Theorem. 


« + 5 = 0. 


For {a,, a,) + {a. 


, rt,) = {rt, + a^, a, + aj, which equals 


zero. 


§ 159- 


209. Theorem. 


a + = a. 


For (rt„ <7j + (^, i) = (rt, + A «j + /'), which equals 


K, «,). 


§ 185. 


310. Theorem. 


+ = 0. 


211. Theorem. 


-{„ + ;3) = «+^ 


In words: The 


o//o«y ^ the sum of hvo integers is 


the Stan of their opposits. 


212. Theotem. 


If a = ^, then a + 7- = /3 + ;-, and 


comber sely. 




For the direct theorem, 


■ since ..ft. 


«, + ^, = «3+^,. 5 168. 


^^k Adding r, + ^j to 


each member of this equahtj', 


1 («, + -^^ + 


r^ + rJ = (a, + ^,) + (^, + ^,).S46. 


f Or (fl, + ^0 + {b^ + <-,) = {«, + f,) + {^, + rj. §59. 


Therfor (rt, + r,, < 


'a + ^i) = (^ + ^- -^^ + ^0- § 168. 


Or 


« + r = jJ + r- § 203. 


For the conver: 


se theorem reverse the steps. 


213. Theorem. 


Ifa = ^, tlun r + a = ;- + ^, anil 


conversely. 




ft. 
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This follows from §§ 207, 212, or it may be proved 
independently of §§ 207, 212 by 2 method similar to 
that used for § 2 1 2, 

214. Theorem. If a = /9 and j =h, then 
a + )- = ^ + 5/ and conversely, i/a-\-j- = ^-i-3 
and y ^ S, then a = ^, 

This is proved in the same way as § 50. 

216. Theorem. If a~:> ^, tlien « -j- ^ > ^ -|- ^, and 
conversely. 

The proof of this theorem is formally the same as 
that of § 212. 

216. Theorem. ^ « > /?, then j- + a ::> j- + p, and 
conversely. 

817. Theorem. If a > ^ und 7 = ^, then 
a+ Y> ^ -i- 3; and conversely, ifa-i--f:>^ + S 
and r = 3, then a > ^. 

218. Theorem. If a > j9 and y> 3, llun 

219. Theorem. If « > /5 and j-^d, tlien 

320. Definition. Difference. When {a^, «,) and 
(1^,, b^ ar the primary numbers (7, — a.^ and b^ — b.^ re- 
spectivly, and dj — «j > ^^ — b^ their difference is, by 
§ 1 28, (a, + b^ — (a^ + ^,), which with our present 
notation is represented by {a^ -f b^, a^ + ^,). More- 
over the symbol (a, + b^, a^ -\- b^ is univalent in all 
cases, since «, -|- b^ and a^ + ^, ar univalent. To avoid 
contradictions we will make the integer («, -|- b^, a^ -|- b^ 
the difference of (dj, a^ and (b^, b^ in all cases. Thus 
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the difference of two integers is in form similar to the 
difference of two differences. 

Formally then ; (a^, dj — {^^, b^ represents 
(«, + l>,. a^ + b,). 

221. Operation of Sabtraction of Integers. The dif- 
ference a — ^ of two integers a and /9 may be said to 
be obtaiiid by an operation, the operation of stibtract- 
ing /3 from a. 

The definition of § 220 removes the restriction that 
in subtraction the minuend must be greater than the 
subtrahend. The operation of subtraction is now pos- 
sible in all cases. 

822. Theorem, {a^, a^ — {d„ i^) = (a, + d^, a.^ + <*,). 

223. Theorem, a - (^ = a + f. 

224. Definition. For this reason a — j9 is sometimes 
calld an algebraic sum. 

225. Theorem, a — ^ = a + j9. 

226. Definition. A plus or minus sign directly 
befor an integer and not following another integer is 
at present meaningless. Let u.s agree that such a 
sign shall be equivalent to a plus or minus sign over 
the integer. 

Thus -f- « -)- ^ is the same as a 4- (9 or a -|- ^ ; 
— a -|- ^ is the same as a -|- ^. 

227. Theorem. From §§ 184, 223, 225, 226 it fol- 
lows that whenever we Itav the sign + or — over an 
integer and the sign -\- or — befor it, we may change 
either of these signs, provided tite other is also changed 
front -^ to — or from — to +. 
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Thus + a may be changed to — a 

+ a may be changed to — a 

J. 

— a may be changed to + a 

— a may be changed to + a . 

228. Theorem, a — a = o. 

229. Theorem, a — o = a. 

230. Theorem, o — a = a. 

231. Theorem. — = 0. 

232. Theorem. — (a — ^) = — a + ^. 

233. Theorem. If a = ^^ a — ^ is zero^ and con- 
versely. 

First, since a^ ^^ a^-\- b^— a^-\- b^ § 168. 

Hence (a^ + b^, a^ + ^J is zero. & ^59- 

That is, a — j9 is zero. § 220. 

For the converse theorem reverse the steps. 

234. Theorem. ^a>/?, a — /9^ positiv ; and con^ 
versely. 

The proof is formally the same as that of § 233. 
236. Theorem. If a<i^,a — ^ is negativ ; and con- 
versely, 

236. Definition. If a — j9 is equal to the positiv 
integer y^ a is said to be y greater than /9, and ^ is said 
to be y less than a. 

237. Theorem. If a = p, then a — y=s ^ — y^ and 
conversely. 

For, ifa = /?, a+y = ^ + y. §212. 

Or a^y = ^ — y. §223. 

For the converse theorem reverse the steps. 




238. Theorem. If ii = ^, then ^ — « = j- — ,5, and 
conversely. 

239. Theorem. If a=^ and y^3, ihena—y^^—d; 
and conversely, ifa — y=.^ — d andy = d, then a = ^ ; 
ifa — y = ^ — 8 and a = ji. then y = 8. 

The first part of this theorem is usually stated : 
Equals subtracted from equals leave equals. 

240. Theorem, {a^, a^ = a^ — a^ in all cases. 



For 




°x 


-(«. + «,«) 




§ 


■53- 


and 




a. 


= K + ^,4 








Hence 


«, 


-', 


-{K+*) + r, 


,« + {« 


■+')) § 


239- 



= („, + (« + 4«,+(«+r)) 

§§54. 169- 
-(".."J. §185. 



Thetfor («„ < 


i = «i-«2- §§ i;s. i;i- 


241. Theorem. 


If a> ^. then a — y^^ — y, and 


coni'ersely. 




The proof of this is formally the same as that of 


§237- 




242. Theorem. 


If a->,^, then y — a<r-^, and 


conversely. 




Since a > ^, 


«<A § 189. 


Hence 


r + ~a<r + '^. §§ 1S8, 216. 


Or 


y-a<r-p. §§223. 197. 
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243. Theorem. If a>^ and y=S, then a—y >j9— 3 ; 
and conversely, if a— ^ > (9 — 15 and j" = ^, then a > (9. 

244. Theorem. Ifa=^and r>S, then a— j-</9-5 ; 
and conversely, if a~y <_ ^—S and a = j9, then y >3. 

245. Theorem. If a>^ and ^<<?, tfun a—y > j9— 5. 

246. Theorem. If a^^andr^S.thena — x^ji — d. 

247. Definition. As we connected sums and differ- 
ences of primary numbers by plus and minus signs, 
so we may connect sums and differences of integers by 
plus and minus signs, using parentheses to indicate the 
order in which the various operations of addition and 
subtraction ar performd. Every such expression is 
univalent, since every sum and every difference is 
univalent. §§ 203, 220. 

Such an expression is calld a complex algebraic sum. 
The integers from which it is formd ar calld its elements. 

If the signs between integers in a complex algebraic 
sum ar all plus, the complex algebraic sum is calld 
simply a complex Bnm. 

248. Theorem. If for one or more elements of a 
complex algebraic sum equal integers ar substituted, the 
complex sum is unchanged. 

349. Theorem, (a + /9) -f- ;- = a + (/9 + r)- 

For (« + ^) + r = {{^x + -'O + ^1. (««+ ^3)+'^2) 

and « + (^ + rt - (a, + (#,+f,), a,+ (^,+^0)' 

But (rt. + b^ + c, = <7, -f (*, + c,) § S4- 

and (a, + b^ + <:, = <?, + [b^ + r,). 



Therfor (« + ;?) -j- ^ = a -|- (;9 + r). 



I 
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This theorem is the Associatir law for Addition of 
Integers. 

260. Theorem. Anj' complex sum of integers is in- 
dependent of the arrangement of its parentlieses and the 
order of its elements. 

This is proved in the same way as the corresponding 
theorem for primary numbers, § 59. 

This theorem is the Generalized Associativ and Com- 
matativ Law for Addition of Integers, 

251. Hence we may speak of a sum 
«-f^ + 7- + S-t-£ + --- without any parentheses, and 
may write the elements of the sum, a, ^9, j, 5, e, ■ ■ ■, in 
any order we please without altering it. 

252. Theorem. The sum of the left members of any 
number of equalities is equal to the sum of the right 
members. 

Thus, if a = ^, r = 5, e = ?, 1? = ^, • ■ ■, then 

This may be proved in the same way as § 57, 

253. Theorem. If a^^, y^S, t^^,rj^d, ■■■, 

If the sign of one of the given statements is >, the 
sign of the result is >. 

254. Theorem, The sum of any number of positiv 
integers is a positiv integer ; the sum of any number of 
zero integers is a zero integer ; the sum of any number 
of negativ integers is a negativ integer. 

To prove the first part of the theorem, we know 
that the sum of two positiv integers is a positiv in- 
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teger (§ 206). Hence the sum of that sum and a 
positiv integer is positiv, and so on. By applying the 
rule n— I times we prove that the sum of n positiv 
integers is a positiv integer. 

Similarly the other parts of the theorem ar proved. 

266. Theorem. T/ie sum of any number of zeros is 
equal to zero. 

266. Theorem. — (a + ^-|- y\;j^-q^d>^ 

= a+^ + ••• + r+ f+ ^ 

For _ (a + ^ 4. . . . + f + jy + ^) 

= -{([(« + ^-f -O+tJ +7) + <?} 
= -([(« + i3+---) + ?] +7) + ^ 

[(« + ^+ •••) + ?] +7 + ^ 

= etc. 

267. Consider next any complex algebraic sum. 
Change all the — signs befor integers and befor 
parentheses to +, at the same time changing the 
signs over the corresponding integers or parentheses 
(§227). Next remove all — signs from over paren- 
theses, changing the signs over all the integers in 
these parentheses (§ 256). 

Take the following expression as an example : 

-{[«+(-i?-((r-^)+(i"-C)) + 'y)-<']+(^+^)}. 

Making the above mentiond changes, this be- 
comes 

I [« + (^ + ((r + ^) +(i + C)) +?) + ^] + (^+ h\- 



^ 
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We now hav an expression in which all the signs 
connecting integers ar + signs. All parentheses may 
therfor be removed (§ 251), Thus we get 

The sign over any given integer in the result can be 
obtaind by counting the minus signs which ar over 
the integer, befor it, and befor the parentheses within 
which it lies in the original expression. These ar 
calld the minus signs that affect the given integer. 

If the number of these minus signs is odd, the sign 
over the integer in the result will be minus ; if their 
number is even, the sign over the integer will be plus, 
or ther will be no sign over it (5 166). For, every 
time a minus sign is removed from befor an integer, 
the sign over the integer must be changed ; and the 
same must be done when a minus sign is removed 
from in front of a parenthesis in which the integer lies. 

Thus in the given expression ther ar four minus 
signs affecting S, one over it, one befor it, and two in 
front of parentheses within which it lies, Therfor the 
sign of S in the result is plus. Ther ar three minus 
signs affecting e. Hence the sign of e in the result 
is minus. 

The principle proved above may be stated as 
follows : 

Theorem. Having given any complex algebrmc sum, 
we may remove all parentlieses, if -we -write a plus sign 
befor every integer a/td place over the integer a minus or 
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~a^us HgH, according as the number of minus signs af- 
fecting it is odd or even. 

This theorem may be calld the Associativ Law for 
Addition and Sabtraction of Integers. 

258. Definition. The expression considerd above 
may be written without any signs over its integers as 
follows : 

{([({([(-« + fl + r: + 3)-=l 

-0-'!]+»)-«)-/5. ^ ' ' 

Such an expression is calld a standard algebraic 

The parentheses ar usually omitted from a standard 
algebraic sum. Thus the above expression may be 
written ~a + fi-\-x-\-5 — s — ^ — yj-^d — S — ^. 

In such an expression the operations ar supposed 
to be performd from left to right ('). A parenthesis 
could not be inserted as follows : 

In what follows we will use the term algebraic sum 
to indicate a standard algebraic sum whose parentheses 
hav been removed. 

259, The integers in the algebraic sum under con- 
sideration in § 257 may also be arranged in any order 
_^_^— § ^SO. 

(') SeeE. Bardcj, "ReinllatEn mr AnfgabensainmluiiE," 1871, p.i; 
SchrSder, " Lehrbnch der Arithmetik und Algebra," 1873, Vol. 1, p. 
2191 Stolz and GmeineT, p. 9. 
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Thus a + ^ + r+5+r+C-j-f+(? + 5+^may 
be written ^ -i.S+a+y+ e + ^ + ff + ^+^+5, 
or ^ + 3-a + r-^-:+d-->j-^-8. 

We may state this result as follows : 

Theorem. Ha^ng given any algebraic sumy the 
order of its elements may be changed in any way, pro- 
vided the sign brfor each element goes luith it. 

This may be calld the Commutativ Law for Addi- 
tion and Subtraction of Integers, 

260. A convenient arrangement of the elements in 
any algebraic sum is one in which all those preceded 
by the plus sign ar written first and then those pre- 
ceded by the minus sign. 

Thus the expression considerd above would be- 
come /9-|-)--|-3-i-i? — « — s — C — ^ — ^— /5- 

The integers preceded by the minus sign may now 
be enclosed in a parenthesis with plus signs between 
them and a minus sign befor the parenthesis (§§ 223, 
256). Thus the above expression is equal to 

;5 + r + <? + 5 - (« + E + : + =? + 5 + /9). 

This result may be stated in the following theorem. 

Theorem. Any algebraic sum is equal to the sum of 
those of its elements wldch are preceded by the plus sign 
minus the sum of those which ar preceded by lite 
minus sign. 

261. Cancellation. Suppose we hav an algebraic 
sum two of whose elements ar equal, but one preceded 
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by the plus sign and the other by the minus sign. 
Then these integers with their signs may be removed 
from the given expression. 

For, suppose the equal elements with their signs ar 
+ a and — /9. The order of the elements of our sum 
may be changed so as to bring these integers to the 
end of the expression. Represent all of the algebraic 
sum thus obtaind except the + a. and — ^ by fi. 
The algebraic sum is then reduced to the form/i-f-a — ^. 
This may now be written /i + (a — ;9),or/i + o{§ 233), 
which equals ji. 

Thus in the algebraic sum considerd in § 260, 
since ^ = /3, ^ and — ,9 may be omitted ; similarly 
+ b and — S may be omitted. This may be indicated 
by drawing a line thru these letters, or cancelling (') 
them, thus : 

The given expression is, then, equal to 

We may state the result proved above as follows. 

Theorem. If in any algebraic sum ttvo elements ar 
equal, but one is preceded by the plus sign and the other 
by the minus sign, these elements with their signs may 
be removed from the given expression. 

(') See Fisher and Schwatt's " Teit-Boolt of Algebra," 1898, Part 
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TRANSPOSITION. 

262. Theorem. If a = (i, then a — ^ = o. 
Since« = ,9, «-^ = ^-^. 1237. 
Or a~;? = 0. 5228. 

263. Theorem. If a^ — j3, then a + ^ = o. 

For «-(-j3) = « + ;3. §225. 

264. Theorem. If a^^J^-y, then a — ^ = ;9. 
Smcea=j3+r. «— r=^ + r-r- %'2l7- 
Or a~r^^. §261. 

265. Theorem. Ifa = ^~-x, then a + x = ?- 

266. Theorem. .f^Hy integer in either member of an 
equality may be transposed (') to the other, if its sign is 
changed, the metnierfrom which the integer is removed 
becoming sero, if the integer transposed ■was the entire 
member. 

This follows immediately from g§ 262-265. 

267. Theorem. The signs of all tlte integers in an 
equality may be changed. 

This is proved by transposing all the integers, by 
§ 266, and then reversing the equality. 
Thus, if a-\-^=-r-\-S, 



-p-r- 



I 



(■) SeeBemon and Smith, " Elemenls of Algebra," 1900, p. I 




268. Theorem. If a-:> ^, thai « — ;9 > o. 
This is proved in the same way as § 262, 

269. Theorem. If a-^ — ^, tlicn a 4- ^ > o. 

270. Theorem. If a>^-\-y, tlien a — y>^. 

271. Theorem. ^a>(9 — 7-, ^Af« a + r>^. 

272. Theorem. If a<_^, -tlten a — ^ < o. 

273. Theorem. If a<^ — ^, tlien a + ^ < o. 

274. Theorem. Ifa<z^ + r, '^^ a — r<^- 

275. Theorem. Ifa<.^ — x, Hun « + r < ^■ 

276. Theorem. Any integer in either member rf an 
inequality may be transposed to the other, if the si^ of 
tlie integer is dianged, the member from which the integer 
is removed becoming zero, if the integer transposed was 
the entire member. 

277. Theorem. The signs of all the integers in an 
inequality may be clutnged, if the sign of inequality is 
changed, from "^ to <z. or from < to >, 

Thus, if a-^>-Y-8, 

Hence — a + /3<7-+5. 

278. Theorem, Equal integers, one in each member 
of an equality or inequality and preceded by the same 
sign, may be canceld. 

This follows from §§ 266, 276, 261, 

279. Integers orderd. We will now arrange our 
system of integers in a scries so that each shall be one 
less than the succeeding one. We hav seen that in 
the natural scries of primary numbers each number is 




one less than the immediately succeeding number 
(§ 133). Starting with any given primary number we 
could therfor, by successivly subtracting ones from it, 
obtain all the primary numbers below it, down to one. 
But we could not continue beyond this point as ther 
is no primary number smaller than one. 

With integers, however, we can continue this process 
as far as we please. 

Thus I —1=0, o — I = I , 

T_ I = -(1+ i)=5, 2- i = -(2+ i) = 3, ... 

Thus we hav the series 



I 



...,9, a, ;, 6, 5, 4, 3. 2, 1,0, 1,2,3.4, 5. 6, ;, 8, 9,- -■ 
If « is any negativ integer in this series, the one 
preceding it is i? — i or ~ (« + 1 ). Hence the opposit 
of every primary number will be found .somewher in 
the series {§ 65). And since every negativ integer is 
the opposit of some primary number, every negativ 
integer will be found in the series. We also hav zero 
and every positiv integer in the series. Therfor the 
series includes all the integers ('). 

280. Definition. The series given above may be 
calld the natnral serieR of integers, The number o is 
calld the center of the series. The other integers may 

{') Negatii integers and zero seem lo hav been freely used bs num- 
bers first bj Descartes in the seventeenlh centuiy. See bis " La G*o- 
mitrie," 1637. The first traces of such use ar, liowever, found in the 
work on astronom; of Bhiabara., aa Indian matbematiciiui of t 
twelfth centuiy. 
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be obtaind by adding to and subtracting from zero 
in succession the natural series of primary numbers. 
§§ 209, 230. 

281. Theorem. In the natural series of integers each 
integer is one greater than the preceding integer. 

For, if « = ^— I, /9 — a= I. 

282. Theorem. Ther is no greatest integer and ther 
is no smallest integer. 

The first part of the theorem follows from the fact 
that every positiv integer is a primary number and is 
greater than zero and greater than everynegativ integer. 

The second part follows from the fact that every 
negativ integer is less than zero and less than every 
positiv integer, and that — (d + i) < — a. § 235. 

This theorem is equivalent to the statement that 
the series of integers has no beginning and no end ; it is 
limitless, or infinit, in both directions. 

283. Theorem. If a is any integer in the natural 
series, the integers that immediately precede a ar in order 
a~ i,a — 2,a — j, ■■ ■,a — n,a — (n + i),- ■• ,and those 
that immediately follow" a ar in order a + 7, a-\- 2, 
a + J, ■ ■ ■ , « + «,« + (« + '),■■-■ -^her 1,2,3, ■■. 
n, n -\- I, ■ ■■ is the natural series of numbers. 

Let the integers that immediately precede a in order 

Thenj9 = a-i, §279. 

§ 260. 
S = r-l=(a-2)~l = a-(2+l)==a-3, 



^ 



Moreover, if k — a — m, 

;,_,-i_(„-»)-i_«-(, + i). 

Hence the integers ^, y, 8, ■ ■ ■ , k, X, ■ ■ -a-r equal re- 
spectivly to the integers a— i, a— 2, a — ^, ■•■, 
a-„,a-(n+i),... 

In this series the numbers subtracted from a ar each, 
after the first, obtaind from the preceding by adding i 
to it. These numbers ar therfor the natural series of 
numbers. 

The last part of the theorem is proved in the same 
way as § 69. 

Thus the natural series of integers may be written 
with a as a center as follows : 

...,a — («+ r), «— «, ■■■, a— 3. «- 2. «- 1. «. 

a + I, «+ 2, a + 3, ■ ■ . , a + «, « -I- (k + l), - ■ ■ 

284. Theorem. ^ a < ^ < ^, j9 w one of the num- 
bers in tlie natural series of integers between a and y. 

Let P— a = S and r — ^ = s. 

Then fi = a + d and ;• = ^ + s, wher 8 and e ar posi- 
tiv. §§266, 234. 

The proof is now the same as that of § 1 39. 

28fi. Definition. When « < ^ < 7-, ^9 is said to Ue 
between u and ;- in magnitude. 

286. Theorem, ^a and j9 ar any two coiiseatttv in- 
tegers in the natural series of integers, ther exists no 
integer between a and ^. 

Suppose a<:r<i^. 



POSITIV, ZERO, NEGATIV. 93 

Then ^-a = ^_j--j-j--« § 261. 

= (^-r) + Cr-«), §257- 

wher ^ — Y and 7- — a ar positiv. § 234. 

Therfor /9 — « > ^ — r ^ I . 

The proof is now the same as that of §141, 

287. Definition. In the natural series of integers 
the alternate integers commencing with zero and going 
either way ar even ; the others ar odd. This agrees 
with the definition of § 6S for primary numbers. 

Thus 

■ ■ ■, 8, B, 4, 2, o, 2, 4, 6, 8, ■ • ■ ar even ; 

•■-.9, 7, s, 3. i". I. 3. S. 7. 9. •■■arodd. 

288. Theorem. // a is even, a is even ; if a is odd 
a is odd. 

289. Theorem. The sum of two even integers, or of 
two odd integers, is even ; tJie sum of two integers^ one 
of which is even and tjte other odd, is odd; oTid con- 
versely, if the sum of two integers is even, tJiey ar either 
both even or both odd ; if tfte sum of two integers is odd, 
one must be even and the other odd. 

For the direct theorem, suppose first that a is an 
even integer. 

Now, if ^ is zero, a + j^ = a and a + ^ will be 
even. § 183. 

If ^ is positiv and equal to 6, consider the portion 
of the natural series of integers 

«+ i,a+2, a + 3,..., a + b. 
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Since a is even, the first of these numbers is odd. 
Hence the second is even, the third odd, etc. 
If we make these numbers correspond to the num- 
bers 

I, 2. 3, ■■■, b, 

we see that the numbers of the first series which cor- 
respond to odd numbers in the second ar odd and 
those that correspond to even numbers in the second 



Therfor a + /3 i; 


5 odd or even, 


according as 


,3 is odd 


or even. 












If^i; 


5 negativ 


and equal to 


-I', 


VIC consider the 


series of 


Integers 












a— I, 


a-2, a-3, 


. ■■■. 


a-i 




and see in a similar manner that ( 


^ + l 


?,ora- 


b, is odd 



or even according as fi is odd or even. 

Therfor, in all cases, if a is even, a + j9 is odd or 
even according as /3 is odd or even. 

The case when a is odd is proved similarly. 

Each part of the converse theorem may be proved 
by the method of exhaustion. 

For the first part, when the sum is even, ther ar 
only three possible cases. 

Either one integer is even and the other odd, or 
both ar even, or both ar odd. 

If one were even and the other odd, the sum would 
be odd, by the direct theorem. 

But, by the hypothesis, the sum is not odd. 
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Hence we cannot hav one even and the other odd. 

Therfor they ar either both even or both odd. 

The syllogism for the last step of thi.'f proof is an 
ampUfied form of syllogism V of § 131, It may be 
written schematically as follows : 

Major Premh. Either A is B, or C is D, or E is /'' 

Minor Premis. A is not B. 

Conclusion. Therfor either C is D, or E is F. 

For the second part of the converse theorem, the 
same three cases a r to be considerd. 

We may show by the indirect method that the last 
two ar impossible. 

Therfor the first case must be true. 

The syllogism used here may be written, changing 
the order of the cases : 

Major Pretnts. Either A is B, or C is D, or E is F. 

Minor Premis. A is not B and C is not D. 

Conclusion. Therfor E is F, 

890. Theorem. The difference of two even integers, 
w of two odd integers, is even ; the difference of two in- 
tegers, one of which is even and the other odd, is odd ; 
and conversely, if the difference of two integers is even, 
they ar either both even or both odd; if the difference is 
odd, one must be even and the other odd. 

This may be proved indirectly using § 265. 

291. Theorem. The sum of any number of ei'en in- 
tegers is even ; the sum of an even number of odd inte- 
gers is even ; the sum of an odd number of odd integers 
is odd. 
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The first part of the theorem follows from § 289 by 
the method used to prove § 254. 

For the second part, if we add the odd integers to- 
gether in pairs, the original sum will be the same as 
the sum of a number of even integers (§ 289). Hence 
this part of the theorem follows from the first part. 

To prove the last part, the sum of all the integers 
except one will be the sum of an even number of odd 
integers, and hence even. Hence this sum plus the 
remaining odd integer will be odd. § 289. 

282. Theorem. Ah algebraic sum of any number of 
even integers is even ; an algebraic sum of an even num- 
ber of odd integers is even ; an algebraic sum of an odd 
number of odd integers is odd. 

This is proved by changing all the minus signs be- 
for integers in the algebraic sum to plus, changing also 
the signs over these integers, and then applying 
§§288,291. 

293. Theorem, /f a and /9 ar two successw even in- 
tegers or kvo successiv odd integers in the natural series 
of integers, ^ = a + 2 ; andconversely,if^=a-\-3 and 
a is even, /9 is even ; if a is odd, /3 is odd. 

For the first part of the theorem, /9 = a -j- i + i. 
Hence the theorem follows. 

The converse theorem is proved by reversing the 
steps. 

294. Theorem. Every even integer can be obtaind 
from every other even integer and every odd integer can 
be obtaind from every other odd integer by adding to. 
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or subtracting fronty it a certain number of twos ; and 
conversely y every integer that can be obtaind from 
another integer by adding to, or subtracting fronty it a 
number of twos is even or odd according as that integer 
is even or odd. 

For, if K and a ar two even integers and k comes 
somewher after a in the natural series of integers, the 
even integer next after a is a + 2 (§ 293), the next 
one a + 2 + 2, the next a + 2 + 2 + 2, and so on. 
And K is one of this series of numbers. 

If K comes somewher befor a, the even integer next 
befor a is a — 2, the one befor it a — 2 — 2, the next 
a — 2 — 2 — 2, and so on. 

Similarly if k and a ar odd integers. 

The converse theorem is proved by applying § 293. 

295. Definition. The system of integers is calld a 
closed system with reference to the operations of ad- 
dition and subtraction, because each of these opera- 
tions can be performd on any two integers and the re- 
sult of the operation is always a number of the system. 



r ^ 



CHAPTER IV. 
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i96. SefLnition. Frodnct. By the generalized as- 
sociativ law for addition of integers the sum of a 
group of n a's, wher a is any integer and n a primary 
number, is the same, however we group the a's in 
parentheses in finding their sum. This sum, then, is 
univalent and is determind by a and n {^). We will 
therfor call it the prodnct (^ of « and n. 

This definition implies that «> i. For to hav a 
sum we must hav at least two elements. But just as 
we speak of a group consisting of only one object, so 
we will speak of adding a group of n a's, even when 
K = I, the result of the addition being a itself. 

Thus the product of a and « may in all cases be 
denned as the sura of a group of n a's. 

The product of a and n may be indicated by either 
of the symbols a x n, an {^}, or simply an ('), 

(') See Stolz und Gmeiner, p. 21. 

(') See Schubert, Encyklojadie, p. 14. 

(■) See Euler, p. 9. 

(•) The sign X t<* indicate a product was apparently first used by 
Wm. OughtredJD 1631. See his " Clavis Muthematica Denuo Limata, " 
1648, p. 10. The sign ■ was used by T. Harriot ia 1631 to denote a 
product. See his "Artis Analytics Praxis,"' 1631. Stifel la 1 544 in 
his " Arithmetica luiegia" uidicated the same by juxtaposidon. 
9» 
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which ar read "« times ?/," or simply " a«." Thus 
an stands for a -f a -|- a -f . . . (« times). 

The integer « is calld the base of the product, the 
primary number n the coefficient. 

The product an is also calld a multiple, an n-multiple, 
of a ; ax I is the unit multiple of «. 

297. Definition. Operation of Multiplication. The 
product an is obtaind from « and n by an operation, 
the operation of adding « «'s. This operation is calld 
multiplication and a is said to be multiplied by n. In 
this operation a is the operand, passiv clement, or 
multiplicand, and « the operator, activ element, or 
multiplier (^). 

298. Theorem. The product an is positiv if a is 
positiv, zero if a is zero, negativ if a is negativ. 

This follows immediately from § 254. 

299. Theorem, ax i = a. 

For a X I stands for a. Hence ax 1 = a. 

§ 170. 

300. Theorem, i x 1=1. 

301. Theorem, ay. n=a+a.-^ a-y ■ ..{n times). 
For a X K stands for a + a + a + . . ■ (« times). 
Hence aX« = a + « + «+ ■■■(« times). § 170. 
802. Theorem. 1 x « = «. 

This follows immediately from §§ 301, 63. 

303, Theorem, o x « = o. 

This follows immediately from §§ 301, 255. 

304. Theorem. (- a) « {an). 

(') See Scbuberl:, EncyklopSdie, p. 14. 



^ 



For a -i- a + a -{- .. n times = 

-(« + « + « + ...« times). g 256. 

Thatis, (-«)«=-(««). § 17s. 

305. Theorem. // either a or n is even, an is even ; 
if doth a and n ar odd, an is odd. 

This follows immediately from §§ 301, 291, 

306. Theorem. Ifa = ^,an = ^n. 

Tliis is proved by adding together n equalities of 
the form « = ;9. §§ 252, 301, 175. 

307. Theorem. I/a~> ^,an> 0n. 

This is proved by adding together « inequalities of 
the form tt>^. § 253. 

308. Theorem. Ifm=n, am= an. 

For am represents the sum of m a's and an the 
sum of n a's. 

Since tn = n, ther ar as many a's in the one group 
as in the other, § 5. 

Hence the expressions um and un ar different sym- 
bols for the same sum. 

Therfor am = an. § 1 70. 

309. As a product is an integer, we may multiply 
it by a primary number or we may combine it with 
other products or integers by plus or minus signs, 
using parentheses to indicate the order in which the 
various operations ar performd. Thus we may hav 
expressions like (am) -f Q9«) and a ((/ -f »«) n). 

All such expressions ar univalent. For every sum, 
difference, and product is univalent. g§ 203, 220, 296. 



n,, ■ 

J 
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Generally, in complex expressions involving multi- 
plication with addition or subtraction, or both addition 
and subtraction, parentheses ar omitted from around 
products ('). They should never be omitted from 
around sums or differences, when such omission would 
cause misunderstanding. Thus nl + nin is understood 
to mean (a/) -f {mn) and not «[(/+ vi)n\. 

310. Theorem, am + a« = (lim + «)('). 
For am -f a« = (a + a + a + ■ ■ ■ »« times) 

-!-(« + «+ a+--K times) §§301, 214. 

= « + «-!-«+■■■(»«+«) times §§250, 37. 
= a{m^n). §301. 

Therfor 

am + aa=a{m+ n). § 175. 

This theorem is the Left-handed Distritnitiy (^) Law 
for U nltiplication and Addition. 

311. Theorem. a« + jin = (a + /3)«, 
For an + ji?i^(a + a+ a+ ■■■ t: times) 

+ (^ + p + ^+... » times) 

^{a + p) + {a + ^) + (a + fi) + ...n times 
= (" + i?)«. 
Therfor an + p?i = (a + ^)«. 

(')Seefoot.nc..ep.85. 

{')See Schubert, EDcyUlopSdie, p. 14; Tannety, p. 57. 
(') The term " distributiv," in this se use, was first used by Servms, 
Gei^onne's Annahs, VoL V, 1814, p. 98. 
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This theorem is the Right-haiided Distribativ Law 
for Uultiplication and Addition. 

312, Theorem. lfm>n,am — an = a{m — 7i);and, 
if a is positiv, am -;> an ; if a is negativ, am < an. 

Since my- n, w; = ^ + n and m — n^x. 
Hence am = a{x+n). 5 308. 

Or am = ax -{■ «w and am — an = ax. §§ 310, 266. 
Hence am—an = a{m~n). §§308, 173. 

Moreover, if a is positiv, ax is positiv. § 298. 

Hence aw — aw is positiv and aw > a«. §§ 176, 234. 
Similarly, if a is negativ, am < an. 

313, Definition. According to the definition for a 
product given in § 296, the multiplicand may be any 
integer, but the multipher must be a primary number. 
We ar now ready to extend the definition to the case 
when the multiplier is any integer. 

By §312, when b^~:>b^, the product "{Jf^ — b^ is 
ab^ — ab^ ; that is, when b^ > b^, a(b^, b^ represents 
ab^ — ab^ (§ 240). Moreover the symbol ali^ — ab^ is 
univalent in all cases. § § 296, 220. 

If, therfor, we make ab^—ai^ the product of a and 
(/jj, b^ in all cases, our definitions will not be contra- 
dictory. 

Formally, then, we define : a{b^, b^ represents 

(')S«e Schubert, EncylilopSdie, p. IJ. 
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314. Operation of Uultiplication of Integers. 




The product a^ of two integers is obtaind 


1 by an 


operation. For ab^ and ab^ ar each obtaind by 


■ an op- 


eration (§ 297) and then ab^ is subtracted from 


ab^. 


This operation is calld multiplication of integers ; a 


is the multipUeand and ^ the mnltipKer. 




31S. Theorem. «,9 = ab^ — ab^. 




For a^ represents ab^ — ab^ and hence 




«j9 = ab^ — abg 


§ 170. 


316. Theorem, i x a = a. 




For I X a = I X <T, — I X rtj 


5315- 


= «: — «a §§302, 239. 


= «. 


§240. 


Therfor i x a = «. 


§175- 


817. Theorem. x « = 0. 




For oxa = ox(ii — ox'J'j 




= — 




= 0. 




318. Theorem, a x = 0. 




For « X = ocj — ac^. wher c, = c^. 


§ i8r. 


Since c^ = c^, ac^ — ac^. 


§ 308- 


Hence «^, - «r, = 0. 


§ 262. 


Therfor a x = 0. 


§173- 


318. Theorem. 0x0=0. 






^ 
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320. Theorem. TJie product of ta)o posittv, or of two 
negativ integers, is positiv ; tlu product of two integers, 
one of which is zero, is zero ; the product of two integers, 
of which one is positiv and the other negativ, is negativ; 
and conversely, if the product of two integers is positiv, 
they ar either both positiv or both negativ ; if the product 
is zero, one of them must be sero ; if the product is nega- 
tiv, one must be positiv and the other negativ. 

Suppose, first, that a. and ^ ar both positiv. 

Then b^-^b^. % 159. 

Hence ai^'^ ab^. §312, 

Theifor ab^ — ti.b^ is positiv. § 234. 

That is, fl^ is positiv. §§ 315, 176. 

The other cases of the direct theorem ar proved in 
a .similar way. 

The converse theorem is proved by the method of 
exhaustion. 

321. Theorem. {- a)^ = - (a^). 

For (-„),? = {_ a)^. -{- «)*, §315. 

= - W - (- ('^1)) 5 § 304, 239- 
= — (a^j — a^j) 5 233. 

= -W). §§315. 177. 

Therror(-<>),9=-(«i9). | 175. 

322. Since the expressions (— a)^ and ~ (a^) ar 
equal, the parentheses may be omitted and both be 
written — a3. 
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323. Theorem. «(—/?) = 
For o{ - (3) = «(«,. <,) : 

(a*, - o*J. 

334. Theorem. (- a) (_ /3) - a/). 

For (-«)(-« _-(<■(-«) §321. 

--(-(«ffl) S§ 323, 177- 

= 0/9. § 184 

325. Theorem. (— l)/9= — ^. 

326. From the theorems of §S 170, 321, 323, 324 
we derive the following equalities : 

(+a)(+ffl= + a/9, 
{- ")(+»- -<^. 

(-„)(- /?)_+„,). 

These equalities may be included in the following 
statement. 

Theorem. If a product consists of two factors each 
of which is an integer preceded by a plus or a minus 
sign, the product is equal to the product of the given 
integers preceded by a plus sign, if the signs of tlie tisjo 
integers ar alike, but by a minus sign, if those signs ar 
unlike. 

This theorem is the Rule of Si^fiiB for ll[iiItiplica.tion. 

It is usually briefly stated : In multiplication like 
signs giv +, unlike signs — , 
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In particular 


we hav (-»)« = ■>(■ 


-b). 


--W V 


and {- a) (- />) 


= ««. 






327. Theorem. 


Ifris-er«,ur = llr. 




fl 


For then ay and py ar both zero. 




§ 320. 


328. Theorem. 


!fyis:sero, ya = r?- 






329. Theorem. 


Ifa-fl, ^r = h- 






Since « = ;?, 


«,-/9', 




§3o6. 


and 


<^,=K 






Hence 


«,-ac, = ?c,-^c^ 




§239- 


That is. 


"r = k- 




§3IS. 


330. Theorem. 


I/a = ^, r«_r,9. 






Since a = /?, 


I7j + /!^ = '^2 + ^'l- 




§ 168. 


Hence j 


■(«, + *■) - r(«, + *,)• 




§308- 


Or 


T'^i + r^i = r«2 + r\- 




§3.0. 


Therfor 


ya, ~ r<t^ = r/>, — ybr 




§266. ■ 


That is, 


r" - n'- 




I 


331. Theorem. 


// a = ^ and r = S, 


then 


«r = /9«- ■ 


This is proved 


1 in the same way as § ; 


214. 


■ 


This theorem 


is usually briefly stated 


: Equals mul- ^ 


tiplied by equals _ 


^v equals. 




^H 


332. Theorem* 


If a^ ^ and y is positiv, ay 


■ 


Since X is positiv, it is a primary number c. 




Since a >^, 


«>/9«. 




§ 3°7. H 


But, since ;• = 


c, ay = ac 




lA 


k 




J 


M 
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* 


and ^c = ^. 


1330 




Therfor ftj- > jiy. 


i '97 




333. Theorem. ^a>i, aa^a. 
This follows immediately from § 333 by putting 
. instead of;? and a instead of ^. 

334 Theorem. Jf v is any positiv integer, titer is a 
positiv integer a such that aa >■ u. 

If t > I , this theorem follows immediately from the 
preceding. 

If v= I, we hav 3 x 2> 2 by g 333. 

Hence, since 2 > i, we hav 2 x 2 > v. 

335. Theorem. ^ a > ;? and y ?J positiv, ya > yp 




Since «>;9, a, + d,> a, + l>,. 


i 186 




Hence r(«, + ^0> rK+ ^,)- 


§312 




Or ;-«i + r^z > r«i + r\- 


§ 310 




Therfor ya^ — ya^ > yd^ — yb^. 


I276 




That is, ya >■ y(i. 


§315 




336. Theorem. If a> ^ and y is negativ 
Since y is negativ, — ;- is positiv. 
Hence, since « > /3, 


'•r<iir 
§164 




«(-r)>/5(-r). 


§332 




Or - (ay) > - {^y). 


S323 




Therfor ay < ^. 


8 189 




337. Theorem. If ay- ^ and y is negativ 


r" < n' 


i 




338. From the theorems of §§ 332, 335-337 we 
deduce the following : 

Theorem, If a^ ^ and ^ =|= o, aj- + f^T- 
For then either a > ^9 or a < (5, and 7- is either 
positiv or negativ. 

Hence either ay y- ^ or ay <, ^. 

339. Theorem. Hence, // ay = ^y, either a = ^ or 

r = o. 

340. Theorem. If a ^ j^ and ;• + o, ;-« + y^. 

341. Theorem. Ifya — y^, either y = oora = ^. 

342. Theorem. If a =^ o and ^ + o, a/9 =|= o. 
This is proved from | 338 by replacing the j9 and y 

of that theorem by o and (i respectivly. 

343. From this we may deduce the following im- 
portant theorem. 

Theorem. If a^=o, then either a = o er = o. 

344. Theorem. From the last theorem and §§317, 
318 we conclude that the product of tiuo integers equals 
zero when, and only when, one of these integers is equal 
to zero. 

345. Theorem. If ay^ ^y and y is positiv, a > ^. 
For either a = ;9, or a < j9, or a > ^. § 187. 
If a were equal to /9, «^ would equal ^y. § 329. 
But ecy is given greater than ^ and hence cannot 

equal ^. §187. 

Therfor a cannot equal fi. 

Similarly it may be shown that a cannot 
than /9. 

Therfor a > a. 



: be less ^H 
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If ('■■{•> ^T ^^ T " negativ, « < ^. 
847. Theorem. If-(a':>x{i and y is posiliv, « > ^. 

348. Theorem. If ya > j-(9 and j- is negativ, « < /5. 

349, Theorem. If a>^ and r = 3; then, if y i^ 
positiv, aj-';> ^d ; iff is negativ, ay <; ^S, 

This is proved like § 217. 

360. Theorem. If a'> ^ and y> S; then, if a and 
S, or ^ and y, ar doth positiv, uy~> ^S ; if a and 3, or 
^ and y, ar both negativ, ay < ji§. 

If a and d ar both positiv, since )■ > 5, 

or>aS. §335. 



Therfor ay:> ^d. § igi. 

Similarly the other parts of the theorem ar proved. 

351. Theorem. If a ^ ^ and y=S, then ay 4= ^S, 
provided r =# o. 

For, if a>^, ay ^^3 according as y is positiv or 
negativ. 

Similarly if « ■< /9. 

Therfor in both cases ay + (ili. 

352. Theorem. If ay = (id and y = d, tlteti a = ^, 
provided y ^ O. 

353. Theorem. If ay = ^S and a > ^, theii, if a 
and 8,or [i and y, ar both posiliv, or both negativ, y <.3. 

This may be proved by the method of exhaustion. 

354. Theorem. If ay > ^S and a = ^; then, if a is 
positiv, y1> 3 ; if a is negativ, y <^S. 



365. Theorem, if aj->/55 ««'^ «<^/ then, ^ a 
and d, or ^ and y, ar both positiv, 7" > 5. 

366. Theorem. If ay^ ^H and a>^,- then, if a 
and 3, or ^ and y, ar both negaliv, Y<^S. 

357. Theoren). If aa> ^ and a is positiv, either 
a^ ^ or a~>-( ; if aa~> ^y and a is negativ, either 
a<^ora<r. 

For the first part of the theorem, cither a > ^, or 
« = ^, or«<^. 

In the first case the theorem is true. 
If« = ^, thena>r. §354- 

If «<;^, then ^ must also be positiv. § 20 1. 

Hence «>;-. § 355. 

The second part of the theorem is proved similarly. 

358. Theorem. If a^'^yj and a is positiv, either 
a>;-i7r;3>7'; if a^~:>-fx °'^^ "■ " negativ, either 
a<ror^<r. 

359. Theorem. If aa':> ^^, then, if a is positiv, 
a > /3 V if a. is negativ, a < ^. 

This follows immediately from § 357 or § 358, 

360. Theorem. If either of two integers is even, their 
product is even; if both ar odd, their product is odd; 
and conversely, if the product of two integers is even, 
one of them must be even ; if the product is odd, both 
must be odd. 

Let a and j9 be the two integers, a^ their 
product. 

The direct theorem has already been proved in 
§ 305 when /9 is positiv. 
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Suppose j3 is zero. Then a[i is zero and the theorem 
is true. §§ 320, 287. 

Suppose ^ is negativ and equa! to — w, wher n is 
even or odd according as ^ is even or odd. § 288. 

Then a^=— {an). §5 330, 323. 

But an is even, if either a or « is even, and odd, if 
both a and n ar odd. § 305. 

Therfor a^ is even, if either « or /3 is even, and odd, 
if both a and/?ar odd. §§ 288, 182. 

The converse theorem may be proved by the method 
of exhaustion. 

361. As a product is an integer, we may multiply it 
by another integer or we may combine it with other 
products or integers by plus or minus signs, using 
parentheses to indicate the order in which the various 
operations ar performd. Thus we may hav expres- 
sions like (o^) + {r^) and (a(^ 4- r))^. 

362. Theorem. If for one or more elements of a 
complex expression containing integers connected by 
signs of multiplication, with or without signs of addition 
or subtraction, or both, equal integers ar substituted, the 
complex expression is unchanged. 

363. Theorem, a^ ^ 0:^ = a{^ ■\- f). 

Fora^ + ar= K- <^^+ K - "^j)- §§ 31 S.^U- 
= {ai^ + (ftTj) — (adj + acj § 259. 

= a(<5i + c,) — «(^2 + <-j) §§310,239. 
= a(*, + f „ <*, + r,) §315. 

= «(j9 + r). §170. 
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364. Theorem. aj- + Pr={'' + F)h 

365. Theorem, (a + ^{j + S) = af + ^r -\- "-^ + 
Treating a + ^ first as a single symbol, we hav 

(« + m + 5) = (« + ^)r + (« + ^)5 § 363. 

= ar + ^+aS+ ^d. §§ 364, 214. 

366. Theorem, a^ — ay^ a{/9 — j-). 

For a^ — aj- = a,9 + ay §§ 223, 323, 213, 

= «05 + f) § 363. 

= «05-rt §§333. 330- 

367. Theorem. 07- — ^ = (a — ^);'. 

368. Theorem, (a— ^X^ — 5)= a^ _ /9^ _ a^ + 

369. Theorem. i'(a + ^ + r H h « + ^ -f /*) 

= t-a + i/^ + i;;- + . . . + VK + 1-; + v/i. 

To prove this we write « + j5-|-j-+ -.--|- «-|-^-j-^ 
as a standard sum and apply § 363. 

Thus K((((« + ^ + r) + ■■■ + «) + -i) + /^) 
= K{({« + ^) + )-) + -'- + «) + ^) + -/' 
= ><{(« + /5) + r) + -■■ + «) + •'^ + "z^, 

and so on. 

This theorem is the Generalized Left-handed Dietri- 
bativ Law for Multiplication and Addition. 

370. Theorem. (a + /3 + r + ■■■ + « + ^. + /f)" 
= ai. + ^9v + p. + . . . 4. /(v + ;v + /iv. 

Proved from § 364 like § 369. 

This theorem is the Generalized Right-handed Sistri- 
bntir Law for Uoltiplication and Addition. 
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371. Theorem, (a + p + ■ . . + «){; +^,+ ... + f,) 
= a^ + ^X + ^.kX +afi + jj;i+ .■. + Kfi-\ 

+ af> + li/)+ ... + Kf>. 

This is proved by applying §§ 369 and 370 in suc- 
cession. 

This theorem may be stated : The product of two 
complex sums is equal to the complex sum of all the 
products tliatcan be formd by multiplying an element of 
the first sum by an element of the second. 

372. We may extend the law of § 371 to the prod- 
uct of two algebraic sums. Change all the — signs 
befor integers to -1- , at the same time changing the 
signs over the corresponding integers. Then by § 37 1 
the given product may be written as a sum of 
products, the only minus signs being those over in- 
tegers. These may now be removed by §§ 326, 
227. 

For example (« -? — /){— S + e) 

= {a+P +^{d + s) = aS + a^ + J5S+ ^i + ^ + r, 
= — a§ + as + ^S — ^e + xd — Ye. 
Thus we hav proved the following theorem : 
Theorem. 734e product of two algebraic sums is 
equal to the algebraic sum of all the products that can 
be formd by multiplying an element of the first sum by 
an element of the second, tke sign befor any one of these 
products being plus or minus according as the signs be- 
for its two elements in the given sums ar like or unlike. 




373. Beflnition. When a product of two algebraic 
sums is changed to an algebraic sum of products as in 
§ 372, these latter products ar calld partial products 
and the original product is said to be distribated. 

374. Theorem, an = na. 



\ 




For o 



- I.a+ I.a+ : 
-(i + . + H 



■ ■« times § 301. 
« + ..-« times 

§§316, 252. 

■ ■ ■« times)a § 370. 

§§63. 329- 



37fi. Theorem, a^ = ^a. 

For afi = ab^ ~-ob^ § 3 1 5- 

= h^a — b^a §g 374, 239. 

= (*, - -^O" § 367- 

= ^a. §§ 240, 329. 

This theorem is calld the Commutativ Law for Mnl- 
tiplication ('), It may be stated : 

In the operation of multiplication the multiplicand 
and viultiplier may be interchanged. 

376. Definition. On account of this interchang- 
ability it is proper to giv the multiplicand and multi- 
plier a common name. They ar calld the factors (^ 

(' ) For a proof of the commulativ law for multiplicalioD of primary 
numbers see A. M. Legendre, " Theorie dcs Nombres," p. I ; Dirichlel- 
Dedekind, " Vorlesungen Uber Zahl en theorie," 1879, 4lii ed., 1894, 
p. 2 i Tannery, p. 58 ; Beman and Smith, p. 38, 

(') See Schubert, " EncyklopSdie," p. 15. 
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of the product. The first factor is calld the prefactor, 
the second thepostfactor('). 

377. Theorem. Every even integer can be written in 
the form 2a; every odd integer can be written in either 
of the for^ns 3a + i and la. — / / and conversely, every 
integer tliat can be written in the form- 2a is even ; 
every integer tJiat can be written in either of the forms 
2a -\- I and 3a — i is odd. 

In the first place, since o = 2.0, the theorem is true 
for the integer zero. 

Second, every positiv even integer can be obtaind 
by adding a number of twos to zero. § 394. 

If the integer equals 0+2+2 + 2 + .. .n times, 
then it equals 2k. §§ 209, 301. 

Hence the theorem is true for every positiv even 
integer. 

Next, every negativ even integer can be obtaitid 
by subtracting a number of twos from zero. 

Thus it equals 0—2 — 3 — 2 — ■ ■ -m times, or 
— 2m, which equals 2( — m). 

Hence tlie theorem is true for every negativ even 
integer. 

Moreover, since every odd integer can be obtaind 
by adding one to the even integer preceding it in the 
natural series or subtracting one from the even integer 
succeeding it, every odd integer can be written in 
either of the forms 2a + 1 and 2a — i . 



(1) See J. W. GLbbs, " Vector Analysis," p. 41. 
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The converse is proved by reversing the steps. 

378. Definition. A complex expression containing 
integers connected by multiplication signs only, with 
parentheses to indicate the order in which the succes- 
siv operations ar performd, is calld a complex product. 
The integers from which it is formd ar calld its ele- 
ments. 

379. Theorem. («/9}« - « 09«). 

For {a0)?i = «;9 + a,9 + «/9 H w times 

= «(/? + /9 + ^ +. - ■ « times) 

380. Theorem. (a^)r = a{fif). 
For (ali)r={a^y,-{a,9)c. 

This theorem is calld the Aasociativ Law for Hnltl- 
plioation ('). 

381. Theorem. A complex product is independent of 
(he arrangement of its parentheses and the t^der of its 
eletnents. 

The proof of this theorem is formally the same as 
the proof of § 250, the only difference being that 
multiplication signs replace addition signs. 



§369- 
§§ 301. 330- 



§315- 
§5379. 239. 

§§315,330. 



(I) For H proof of Ihe a; 
numbers see Legendre, p. 
Smilh, p. 43. 



iciativ law for multiplicatii 
) Dirichlet'Dedekiad, p. i 
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This theorem is the Generalized AsBociativ and Com- 

matativ Law for ]ffnItiplication('). 

382. Hence we may speak of a product ajijSs ■ ■ ■ 
without parentheses and may write the elements of the 
product, a, (9, j-, d, e, ■ ■ ., in any order we please with- 
out altering the product. 

383. Definition, The elements of a complex product 
ar also calld its factors. 

384. Theorem. T/i£ product of the left members of 
any number of equalities is equal to the product of the 
right members. 

The proof of this theorem is formally the same as 
the proof of § 252. 

385. Theorem. The product of any number of positiv 
integers is a positiv integer ; the product of any number 
of integers, one of which is sero, is a sero integer; the 
product of an odd number of negativ integers is a nega- 
tiv integer; the product of an even number of negativ 
integers is a positiv integer. 

The proof of the first part of the theorem is formally 
the same as that of § 254. 

So also is the proof of the second part, if we write 
the zero integer first. 

To prove the last two parts, we know that the 
product of two negativ integers is positiv. § 320. 

Also, if an integer is multiplied by a negativ integer, 
the sign of the result is opposit to that of the first 
integer. § 320. 

(') See Legendre, p. 2. 
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Hence, when we form a product of any number of 
negativ integers by first multiplying two together, then 
their product by a third, this product by a fourth, and 
so on, the products wilt be alternately positiv and 
negativ, being positiv for two integers. 

The positiv products will then correspond to an 
even number of integers and the negativ products to 
an odd number. 

386. Theorem. If one of a series of integers is zero, 
their product is equal to zero ; and conversely, if the 
product of a series of integers is equal to zero, one of 
them must be zero. 

The proof of the direct theorem is formally the same 

as the proof of § 25 5, if we write the zero integer first. 

The converse is proved by using § 343 repeatedly, 

387. Theorem. ( ± a}(± ^)(± ;-)■.■ = ± {a^ ■ . .), 
the plus sign being used in the right member, if ther or 
no minus signs or an even number of minus sigtts in t/ie 
left member, the minus sign being used in the right mem- 
ber, if ther ar an odd number of minus signs in the left 
member. 

This theorem follows from § 326 by a method 
similar to that used to prove the last two parts of 

§385. 

38S. Theorem. If one of a series of integers is even, 
their product is even ; if all ar odd, their product is odd ; 
and conversely, if the product of a series of integers is 
even, one of them must be even ; if the product is odd, 

all must be odd. 
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For the proof of the first part of the direct theorem, 
if the series of integers is a, ^, y, 5,- ■ -, the first of the 
products a/3, («/3);-, ((a^)j-)5, ■ ■ ■ which has an even 
integer for one of its factors is even. § 360. 

The method of S 254 may then be applied to prove 
that the product of the whole series is even. 

The second part of the direct theorem follows im- 
mediately from § 360 by the method of § 254. 

The converse theorem may be proved by the method 
of exhaustion. 

389, Theorem. T/ie product of any number of sums 
is equal to the sum of all the products that can beforind, 
each Jtaving as a factor one ajid only one element of each 
of the given sutits('). 

This may be proved by first applying the theorem 
of § 371 to the product of the first two sums, then 
applying the same theorem to the product of this re- 
sult and the next sum, and so on. 

For example, (a + ^ + r)(^ + £)(C + V + ^) 
= {a8 + ^S + rS + aE + ps-i- rO(C •hV-\-^)= «^C + 

^^c + rK + a^r + ^ez + r< + "^i? + i^^'i + r^7 + «-=^ 
+ /5£ij + ?-«^ + «^^ + ^^^ + r^o + «=^ + M + r^ff- 

390. By the same method as that employed in 
§ 372 we may extend the preceding theorem to the 
product of any number of algebraic sums. Thus we 
get the following theorem : 

Theorem. T/ie product of any number of algebraic 

sums is equal to the algebraic sum of all the products 

(')SeeG. Chrystal, "Text-book of Algebra," 1893, Part I., p. 42. 






that can befarmd each liaving as a factor one and only 
one element of each of the given algebraic sums, the sign 
befor any one of these products being plus, if none of its 
elements or an even number ar immediately preceded by 
minus signs in the given sums, and being minus, if an 
odd number are so preceded (^). 

391. By § 326 the product of a positiv and a negativ 
integer, or of two negativ integers, may be found when 
the product of the corresponding positiv integers is 
known. 

To multiply two positiv integers, or primary num- 
bers, a and b, we add b a's together. The sum ob- 
taind is the required product. 

Or we may join b groups of a objects each so as to 
form a single group. The number of objects in the 
group thus obtaind is the required product, 

392. Multiplication Table (^). In order to make a 
table of the products obtaind by multiplying all pos- 
sible pairs of the numbers i, 2, 3, ■ ■ ■, tO, except those 
products which may not be represented by the sym- 
bols so far defined, we divide a square into compart- 
ments as in I 74 and write the numbers i, 2, 3, ■ . -, [Q 
along the top and left-hand sides of the square as in 
that article. 

In each compartment we wish to place the number 
which is the product of the two numbers found re- 
spectivly at the left of the row and at the top of the 
column in which the compartment lies. 

{') See Chryatal, p. 50. (') See Tannery, p. 68. 
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Thus in the first row of compartments we should 
write the numbers that represent the products ixi, 
1X2, 1x3, ■■ -, or I, 2, 3, - ■ ■ 

In the second row we should write the products 
2x1, 2x2, 2x3, •■■ These ar very easily found as 
follows. We write the natural series of numbers i, 2, 
3.4. S. 6, ■ ■ ■ . Then starting at i we count to the 
second number. This is 2X1. Counting to the 
second number beyond this, the number arrived at is 
2X2 (§ 73). Counting to the second place beyond 
this, we find 2x3, and so on. Thus in the second 
row we write the numbers 2, 4, 6, ■ ■ . 

The numbers to be written in the third row ar the 
multiples of 3, 3x1, 3x2, 3x3, ■■■.which ar found 
from the natural series by counting by threes. And 
so on. 

It will be nodced that the table thus formd, given 
below, is symmetrical with reference to its principal 
diagonal, which might hav been forseen from the com- 
mutativ law for multiplication. 











Multiplication Table. 
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CHAPTER V. 



NUMERICAL VALUE. 



393. Definition. The ntunerical value, absolute value, 
or modulus of an integer is, if the integer is positiv 
or zero, the integer itself; if negativ, its opposit. 

We will use the symbol | « | to denote the numerical 
value(')ofa. This symbol is univalent (§§ i6i, 153). 
Thu5|s| = 5,|o[_o,[5|_3. 

394. Theorem. The numerical value of a positiv or 
negativ integer is positiv / the numerical value of a zero 
integer is zero. 

395. Theorem. |u| 1= |a|. 

If a is positiv, a is negativ. § 164. 

Then ] a ] = a and I S I = a. § 393. 

Therfor|«| = |«|. §173. 

If « is zero, a is zero. 

Then [ a | = o and ] a ] = o. 

Therfor |a| = |a|. 

If 11 is negativ, a is positiv. 

Then | « ] = a and | « [ = a. 

Therfor |«| = |a|. 

396. Theorem. If two integers ar equal, their nu- 
merical values ar equal. 

(') The symbol | a | i^ due to K, Weierstrass. It was used by him 
in 1841. See his worts, Vol. I, p. 67. 
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Let a = ^. Then, if a is positiv, /3 is positiv. § 176, 

Hence | « | = a and | ^ | = ^. 

Therfor |«| = |/9|. 

Similarly the other cases ar proved. 

397. Theorem. ^ « = ,^, | « | = | ^ [. 
For,byl396,l«| = |^|. But|^| = |^|. §395- 

398. Theorem. ^ | « | = o, n = o. 
Prove by the method of exhaustion. 

399. Theorem, j^ | « | = | ^9 1, either a = ^ or a = ^. 
If /9 = o, 1 ,9 I = O. Hence | a ] = o and a = o. 
Therfor a = ^. 

Similarly, if a = o, « = /9. 

Ther remain four cases to be considered : 

1st, when a and ;? ar both positiv ; 

2d, when a is positiv and /5 negativ ; 

3d, when « is negativ and /3 positiv ; 

4th, when a and jJ are both negativ. 

Case I. Here | a | = a and | ^ | = ^, 

Hence, since \a\ = \^\,a = p. 

Case 2. Here | a | = a and | /9 ] = ^. 

Hence a = ^. 

Case J. Here a = ^, 

Therfor a = ^. 

Case 4.. Here a = ^. 

Therfor « = /?. 

In all cases, therfor, either a = /3 or a = fi. 

400. Theorem. The numerical value of tlie sum of 
two integers is not greater than the sum of tfieir numeri- 
cal values. 
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Case I. If a and /9 ar both positiv, | « | ^ « and 

Then a + /? is positiv (§ 206) and | « + ;9 [ = u + ,9. 

Therfor | « + /9 | = | « | + | /3 |. 

Case 2. If either a or /9 is zero, its numerical value 
is zero and a + j9 is equal to the other integer. 

Hence j « + ,9 1 and | a | + | /3 1 ar both equal to the 
numerical value of the other integer. 

Therfor |« + ;5| = |«| + |;9|. 

Case J. If a and ^ ar both negativ, | « | = « and 

Then a + j9 is negativ and | n + ;9 1 (" + ^). 

Moreover |o I + |/9|_S + ^_ _(,/ + (!). 

Therfor|a + ;)[ = |a| + |,3|. 

Case ^. If a is positiv and /9 negativ | « | = « and 

1^1 = ^- 

Then a + ^=«-^= 1^1 -|/?|. 

Now, if I a I > I j9 |, [ M I — I ^ I is positiv and therfor 
a -t- (3 is positiv. 

Hence|<. + /J| = a + /3-|. 1-1(3 1. 

But|a|-|,3|<|al + |/!|. §235. 

Therrorj<i + /3|<la| + |/3]. 

If I a I = I /5 1. I a I — I ^ I is zero and therfor a + ^ is 
zero. 

Hence|« + ^| = « + ^=i«|-l^|. 

Therfor|a + ^|<|«| + |^|. 

If |a| <|^], |a| — [;3] is negativ and therfor a + /9 
is negativ. 

Hencel<. + /?l--(« + «=|,9|-|<.i. 



But|i9|-|a]<|„[ + |;9|. 
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Tl,erfor|o + ;9|<]«| + [/9|. 
Similarly we may prove that, if a is negativ and ji 
posiUv, |« + /3|<|«] + |^|. 

Therfor, in all cases, \a + ^\^\a\ + \^\. 
Thatis, ]« + /9|>|«| + |^|. 

401, Theorem. T/ie jiumerical value of the sum of 
any number of integers is not greater than the sum of 
tlieir numerical valuesf^y 

402, Theorem, The numerical value of the difference 
of tivo integers is not greater than the sum of their 
numerical values. 

For a — ^ = a + ^. 

Hence 1«-^I = |« + ;3|> la] + ]j7| = |«| + |^|. 

Therfor |«-^|>|«|-f 1^1- 

403, Theorem. The numerical value of any algebraic 
sum is not greater than the sum of the numerical values 
of its elements. 

404, Theorem. The numerical value of the product 
of two integers is the product of their numerical values. 

If a and ji ar both positiv, | a | = a and | ^ | = ^, 
Then «/9 is positiv (§ 320) and | aj? | = a^. 
TherforIa;5| = |«]|^|, 

If either a or ;9 is zero, its numerical value is zero 
and afi is zero. 

Hence ] o/9 [ and ] « 1 1 ;9 | ar both zero. 

Therfor|«^[=|«]|/Jl- 

If a and fi are both negativ, | a | = a and | ^ | = ^. 

{ I ) See Sloli und Gmeiner, p. 64. 
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Then a/9 is positiv and | a/5 1 = a^. 
Moreover \a\\^\ = a'^ = a^. 
Therfori«^| = |«||^]. 

If a is positiv and ^ negativ, [«[=:« and | ^ | = ,5. 
Then a^ is negativ and | a/3 1 = — {a/9). 
Therfor | a;9 1 = | « 1 1 ^ | . 

Similarly we may prove the remaining case when a 
is negativ and ^ positiv. 

405. Tlieoiem. The numerical value of the product 
of any number of integers is equal to the product of the 
numerical values of those integers. 

406. Theorem. ^ | « | > i and ^ ^ o,\a^\->\^\. 
For,if|«|>iand/3=l=o, |a||/3|>i x |/3|. §332. 
Or |«^|>I/3|- §404. 

407. Theorem. \a.a\ = aa. 

For aa is either zero or positiv, § 320. 

408. Theorem. /f\af)\ < 77-, eit/ter a or pis numer- 
ically less than y. 

For, if neither a nor ^ were numerically less than 
X, we would have | a|>| ^| and |^|^[7- 1. 

Hence | a 1 1^|^ | j-| |r |. §§33>. 349. 350- 

Or \ap\^xy- §§404,407- 
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CHAPTER VI. 

DIVISION. 



DIVISIBILITY. 

409, Definition. Having given two integers a and 
^, if ^ is not zero and ther is some third integer <p such. 
that a = f^, a is said to be divisible by ;9 (') ; if a is 
not zero and ther is some integer y such that fa = /3, 
a is said to be a divisor of /?. 

Thus, since 8 = 4x2, 8 is divisible by 2 ; since 
4 X 2 = 8, 2 is ii divisor of 8. 

The reasons for excluding the cases wher ,9 and a 
ar respectivly zero will appear in §§ 422, 424. 

The statement "a is divisible by ,9" we will write 
a > j5 ; the statement " « is a divisor of ,9 " a < j9. 

The definitions of the terms "divisible by" and 
" divisor of" may, then, be stated in symbols : 

If « = ip^, wher [i is not zero, then « > ^ ; and con- 
versely, if a > j9, then /3 is not zero and a — <p,3. 

If ipa = ^, wher a is not zero, then a -^ fi ; and con- 
versely, if « ■< (5, then « is not zero and fa = ji. 

The statements a > (9 and « < /3 may be calld 
divisibilities. 

(') See Dirichlet-Dedekind, p. 5. 
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410. It should be noticed that, if /9 is zero and 
a = <p^, then a is zero. Similarly, if a is zero and 
fa^= P, is zero. 

Hence by the definitions of § 409 none of the state- 
ments O > O, O < O, a > o, O < a is true. 

411. Theorem. If a.— f^ and f + ;(, then a 4= //9, 
provided /9 is not zero. 

For, since f ^ X ^"^ '' '^ "°' zero, p/9 ^ ^;?. § 338, 
Hence, since « = ^/9, a =|= ;f,9. § 174. 

412. Definition. From the last theorem we see that 
if a =: (fifd, wher ^ is not zero, ther is no integer ^, dif- 
ferent from f, such that a = ;f/9. 

Hence, if a and ji are given, j9 not being zero, <f is 
determind by the equality a = p(9. 

This passiv number f, which depends only on a and 
^ and is such that a = ip^, we will call the right-haaded 
([uotient (') of a and /3. 

This quotient we will represent by the symbol 
a:fi(^, which is read "a divided by ^." 

The quotient a : ;? is, then, univalent ('), when it ex- 
ists, that is, when ^ is not zero and ther is some third 
integer f, such that a = y/3. 

The number a may be calld the first element of the 
quotient and j? the seeond element. 

413. Theorem. If the right-handed quotient a ; /9 ex- 
ists and is ike integer f, then u:^=tp, 

(') See Schubert, " Encyklopadie, " p. i6. 

{') See Schubert, "EneyklopSdie," p. l6 ; Stolz und Cmeiner, p. 25. 
The symbol : to denole a quoljent wns used bjr A. C. Clairaut in 1760. 
t») See Slolz und Gmeiner, p. aj. 
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This follows from § 1 70. 

414. Theorem. If a = f^, ivher /9 is not zero, then\ 
a : ;? = if ; and coiiversely, if a : ;9 = p, then fi is 1 
sero and a = tp^. 

This follows immediately from the definition of | 
right-handed quotient and | 413. 

415. The symbols 0:0, m:o(') ar both as yet. J 
meaningless. 

416. Definition. If the restriction in § 412 that ; 
should not be zero had been omitted, that article] 
would not hav defined the symbol a : fi. 

For, if /9 were zero, « would also be zero and a| 
would equal ffi whatever integer ip might be. 

The symbol a : /9, a and /9 being both zero, wouldfl 
then represent any integer. It would not be de- 1 
fined, made definit. 

A symbol like 0:0, which, tho compounded of two 
definit numbers, would represent more than one num- 
ber, is calld a multivalent symbol (^). 

The symbol o : o would in fact represent not only 
more than one integer, but any integer. Such a 
symbol, one representing an unlimited number of 
numbers, is calld an indeterminate symbol. 

Multivalent symbols, if used at all, must be used 
with great care, as the laws which hold for univalent 
symbols do not apply to them. 

417. Theorem. If <fa = ^ and <p ^-^ , tlun ya ^ ^, 
is not zero. 



(') See Schubert, "EncyklopSdie," p. 17. 
(»)See Schubert, " Encykloffidie," p. 17. 



J 
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418. From this theorem we see that the equality 
ipa = ;9 determins the integer ip, provided a is not zero. 
We will call the integer f the rig^ht-handed ratio of ,'5 
to a, which we will represent by the symbol fija, 
which may be read " /9 over a." 

The ratio ^ja is, then, univalent, when it exists, 
that is, when a is not zero and ther is some third in- 
teger ip, such that <pa = j9. 

419. Theorem. If the right-handed ratio ^ I <i exists 
and is the integer <p, then <p = ^ja. 

420. Theorem. If fa = ^, wher a. is not sero, then 
tp = ^ja. ; and conversely, if if = ^ja, tlien a is not zero 
and Ipa = ^. 

This follows immediately from the definition of 
right-handed ratio and § 419. 

421. We will now derive some theorems connecting 
the ideas represented by the symbols >■, ■<, : , /, 
which hav been independently defined. 

432. Theorem. ^ a > /?, the rigkt-haiided quotient 
a : ^ exists, and conversely. 

The proof of this theorem is formally the same as 
that of § 86. 

The reason is now evident why in § 409 we excluded 
the case of ^ being zero. If we had not done so, we 
should hav o >■ o, but the right-handed quotient o : o 
not existing. 

423, From the last theorem it follows that the 
symbol « : (3 as yet has no meaning, unless a >■ j9. 
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424. Theorem. ^ a < /3, the right-handed ratio ^j a 
exists, and conversely. 

The reason is now evident why in § 409 we ex- 
cluded the case of « being zero. 

425. Theorem. If a > /?, then ^ -^a and 
ajp = a:^; and conversely, if ji ■< u, then a"^ j3 c 
«:;3_«/,9. 

This is proved in the same way as § 89. 
The proof depends on the commutativ law for 
equality of integers. 

426. We may therfor, whenever we hav either of 
the statements a ^ ;9, /9 ■< «, replace it by the other 
and may replace either of the expressions a-.ji, ujji by 
the other. 

We will find it convenient in future seldom to use 
the symbol j, but to use in its stead : , 

The symbols ^ and < will both be useful, the we 
will employ chiefly >■. We should always bear in 
mind that the statement « >■ j5 may at pleasure be 
replaced by the statement ;?<:«. 

427. Definition. Having given two integers a and /9, 
if j3 is not zero and ther is some third integer f such 
that a = pip, a is said to be a multiple of (5; if a Is not 
zero and ther is some integer f such that uf = j9, « 
is said to be a factor of j3. 

The statement " a is a multiple of j9 " may be written 
">■/?; the statement " « is a factor of j3" a -< ^. 
The definitions of the terms "multiple of" and 
"factor of" may, then, be stated in symbols : 
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If a = ^f, wher ,9 is not zero, then a >- /9, and 
conversely. 

If af =^ ^, wher a is not zero, then a -^ /5, and 
conversely. 

428. Theorem. If a = [if and f ^ X< ^^^^" " + ?X< 
provided (9 is not zero. 

429. Beflnition. From this theorem we see that the 
equality a = /9^ determins the integer if, provided ^ 
is not zero. 

This activ number f, which depends only on /9 and 
a and is such that « = \if, we will call the left-handed 
quotient (') of [i and a. For this quotient we will use 
the symbol ;?■■ a, which maybe read "j3 divided into et." 

The quotient ^^ a is, then, univalent, when it ex- 
ists, that is, when /9 is not zero and ther is a third 
integer tf, such that « = ^f. 

430. Theorem. If the left-handed quotient ^ ■ ■ a ex- 
ists and is the integer (p, then fi ■• a= <p. 

431. Theorem. If a^^ j^ip, ivher ^ is not sero, then 
/} .■ a = y, and conversely. 

432. Theorem. If atp = ^ and ^ 4= ;f , then ay ^ ;?, 
provided j9 is ?tot sero. 

433. Definition. From this theorem we see that 
the equality «^ = /5 determins the integer f. provided 
a is not zero. We will call this integer the left-handed 
ratio of a to ;9. For this ratio we will use the symbol 
a\/9 0, which may be read " a under j5." 

(')Seefoot.no(ep. 36. 

(') This synilxil seems lo be due to A. Cayley. 
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The ratio a\j3 is, then, univalent, when it exists, J 
that is, when « is not zero and ther is a third integer I 
fy such that aip = ;9. 

434. Theorem, /f the left-Itanded ratio a\^ exists I 
and is iJie integer <f, tlun ip = a\^. 

436. Theorem. If af ^ ji, wher a is not zero, then 
Ip = «^;3, and conversely. 

436. Theorem. If a';^ ^, the left-handed quotient 
^9 .. a exists, and conversely. 

437. Theorem. If a^^, the left-handed ratio a\^ , 
exists, and conversely. 

438. Theorem. If « > /9, then « > ;9 
^ . . n = a : j9 ; and conversely, if a'^ t^, then o 
and a:j9 = /9 ■■ a. 

The proof of this theorem depends on the c 
tativ law for multiplication. 

439. Theorem. If a < j3, then 
a\^ = iya; and conversely, if a 
andii/a = a\ji. 

The proof of this theorem also depends on the 
commutativ law for multiplication. 

440. Definition. In virtue of the last two theorems 
we will in future never use the symbols >- and -K, 
but will use in their stead >■ and ^ resf>ectivly. 
Similarly instead of (9 -■ a and ft\a it is customary to 
use a : j? and a/ji. 

In virtue of §§ 425, 43S, 439 we will in future in- 
stead of the four terms " right-handed quotient," 
" right-handed ratio," " left-handed quotient," and 
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" left-handed ratio" use the single term "quotient." 

Besides the symbols already mentiond for the quo- 
tient of « and (9 the symbols a -^ /9 and -s ar in com- 
mon use ('). 

441. Sefinition. The symbols 3> and -^ may be 
used to mean "is not divisible by" and "is not a 
divisor of" respectivly. 

448. Theorem. Every integer except sero is divisible 
by itself y the quotient being unity. 

In symbols « >■ a and a ; a = i, if a 4^ O. 

Prove from §§ 316, 409, 414. 

443. Theorem. Every integer is divisible by unity, the 
quotient being the integer itself. 

In symbols a ;> i and a : i = a. 

444. Theorem. Zero is divisible by every integer ex- 
cept itself, the quotient being zero. 

In symbols O >■ « and o : a = O, if r^ o. 

445. Theorem. If a":^ fi and a: ji = o, tlien a = o. 
For, if a > ^3 and a: ^ = 0, « = 0-(9=0. 

446. Theorem. It follows from the last two theorems 
that the quotient of two integers is zero when, and only 
when, its first element is zero. 

447. Theorem. If a=: ^, then a > /9 and a : /9 = i, 
provided /? + o. 

(') The symbol — for a quotient is fonnd in Ihe " Liber Abaci" of 
Leonardo of PisB. This symbol in both the forms -s, a//3 is probably 
due to the Hiniloos, The symbol -!- was probably originally formd 
as a combmation of — and : . 




For, if « = /9, a = i-;9. Hencea>^anda:^=i. 

448. Theorem. Every even integer is divisible by two. 
For, if j9 is any even integer, j9 = 2a. § 377. 

449. Theorem. No odd integer is divisible by an 
even integer. 

For, ifa>,?, «=^/9. 

Hence, if a is odd, f and ^ must both be odd. 
§ 360. 

450. Theorem. // an even integer is divisible by an 
odd integer, the quotient is even. 

For, if a ^ /?, a= f^ and a : ^ = f. 
Hence, if a is even, either f or ^9 must be even. 
§360. 

451. Theorem. Tf an odd integer 'is dii/isible by an 
odd integer, the quotient is odd. 

452. The quotient of two integers may be connected 
with other integers bysigns for sum, difference, product, 
and quotient, provided that the first element of every 
quotient is divisible by the second element. Thus we 
may hav expressions like 

((a -.jl) XT) ■■{/>■■') 

or ((a -li):r)x (3 + •) + (;■■ it -« + '))■ 

Every such expression is univalent, since every 
sum, difference, product, and quotient in the expres- 
sion is univalent. 

Generally in complex expressions involving quo- 
tients with sums or differences, or both, parentheses 
ar omitted from around quotients. They should 
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never be omitted from around sums or diflerences, 
when such omission would cause misunderstanding. 

Thus « : (9 + r : 5 is imderstood to mean 
(a:;9) + (r:5)andnot(«:(/? + r)):5- 

4fi3. Theorem, ax ^> ^ and (a x j9) : ;? = «, pro- 
vided /9 js not zero. 

For a X ^ = ax p. 

Therfor a x ^ > /9 and (« x /9) : /3 = «. 

454. Theorem, A product is divisible by each of its 
factors, proi'ided that factor is not sero. 

455. Theorem. If a.^ ^, then (a : /3) x /9 = a. 
Thi.s is proved in the same way as § no. 

456. Theorem. If a":^ (i, then « x r > /' X j" and 
(a X J-) : (;9 X ?■) = « : ;5, pro^nded j- is not zero ; and 
conversely, if « x ?- > /? x j-, then a > j9 and 
a:/9=(«xr):0?xr). 

For the direct theorem, since « 3» ^, 

a = ipji and a : j9 = ^. 

Hence or = {f[^ y = ^{(^x) and (or) : {^) = f. 
Therfor urf^ ^y ^''^^ {"-f) '■ {^) = «:/?. 

For the converse theorem, since uj- >■ fiy 

«r-f(W = (f/% i>n<J («r) : (*) = y- 

Hence a = p/9 and a: ^= <p. 

Therfor « > ,9 and a : ;9 = (oj-) : (/9r). 

457. Theorem. If a-;:^ ^, then r>^'^>r>^^ ^"^ 
(j- X a) : (7- X ^ = a : ;9, provided y is not sero ; and 
conversely, if yxa^yx^, tlun a > ^ and 
«:/J=(rx.):{rKi9). 
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•J 


^ 


458. Theorem. Ifa^iiana 


■ /} > r, then 


a>r 


a»^ ^^1 


a\y= ^'.y ; and conversely. 


if <">r. »>i. 


^^H 


« : r = (5 : r. tlien a = ^. 






^^^ 


For the direct theorem. 






^^H 


since l^>r,^ = n 


and ,9:r 


-?• 


^H 


Hence, since a = ^, a=fx 


and «:r 


-y- 


^^H 


Theribr a > r and « : ^ = /? 


■ r- 




^^1 


For the converse theorem, 


let « : ;■ = 


f- 


^^H 


Tha„,J:r-f. 






^^1 


Hence a = (fy and ,9 = tfj. 






^^H 


Therfor a = ^. 






^^1 


469. Theorem. If a^;^ ^ and ^=^y,then 


a>r 


afid ^H 


a; ^ = aiy; and conversely. 


.7«>A « 


>r. 


and ^^M 


a : ^ = a : y, then fi = ;-, provided a is not zero. 


^^M 


For the direct theorem, 






^^H 


since « > ;5, « = f /3 and a : 


\f~f. 




^H 


Since/9 = r, y;9 = fr- 






^^1 


Hence a — ify and « 


■ r~T- 




^^H 


Therfor a > ^ and « 


■.il-a:r. 




^H 


For the converse theorem, 


let a:/9- 


. (.. 


^^H 


Then«:r=s^. 






^^M 


Hence a=if^ and a = y?)-. 






^^M 


Hence y,?=yr. 






^^M 


Moreover, since a is not zerc 


:''■■,% or f. 


is not 


zero. ^^1 


Therfor /3 = j-. 






^H 


460. Theorem. If a.::^ ^ and ^^y ^>^^» 


«>r 


and ^^H 


a:r=(«:;9)x09:r)O. 






^H 


Since a > ^, a = ^p;9 and a : ^ = (5. 




^M 


(1) See Tannery, p. 98 ; Dirichlet-Dedekind, p. j. 
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Since (i^y, ^ = iy and j9 : /■ = j;. 

Hence f^ = f(xr). 

Hence « = {fx)r and a : j- = ^;f. 

Therfor « > r and a : j- = (a : ^) x (^ : r)- 

461. Theorem, ^wf Aiiiv a series of divisibilities of 
the same kind, (W«>/9>)->5>e>.--, any integer 
in the series is divisible by any following integer. 

The proof of this theorem is identical in form with 
that of § 196. 

462. Theorem, If we kav a series of equalities or 
divisibilities of the foi-m «3(9§?'5 i^^^^---, <i*iy 
integer in the series is divisible by any following 
integer. 

463. Theorem. If a > j9 and ^>T> l^'^" 
« : r > /5 : 7- and (a : 7-) : (^ : 7-) = a : /9 ,■ and conversely, 
if «>r. ^>r. ""^ ei-r>^-r. then a>^ and 
a:fi=(a:r):{^:r). 

For the direct theorem, since a >■ ;5 >■ j-, 
a>j-and«:j- = («;^x(/3:r). 

Therfor a:7->i3:r and («:r):{/5:r) = «:(5. 

For the converse theorem, 
since a > ;", « = ^r and a-.j- = f. 

Since (5 >■ ^, ^ ~ XT and (5 : j- = j;. 

Since a:r>;3:r. ^>^ 

Hence 5^7 > ^r- 

Or « > ^. 

Therfor, by the direct theorem, since a>-^>-;', 
«;^_(a:r);09:r). 
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464. Theorem. If a > /9 and ^ > r. '-^^ ] 

a : )- > a : ,9 and (a:y)\{a:^) = ^\ y, provided a is not \ 
zero ; and conversely, if a^y, « > J?, and a-.y"^ a:^, 
then ^:^yand^:y^{a:r):{a: ^). 

466, Theorem. ^ a > ^ and r=<^, then aj- > ^* 
and («)-) : (;95) = « : /9, provided y is not zero ; and con- 
versely, if ayt^jiS and y = S, then a ^ /9 and I 
a:;3_(<T):OT. 

For the direct theorem, 
since a::^p,aj-:3'l^r and(«r):(;9r) = «:j9. 

Since j- = 5, ft- = ,95. 

Therfor a;- > fid and (a;-) : (,9^) = (ay) : (^J). 

Also {«r):(j3^}=«:j9. 

For the converse theorem, 
since y = (5, jiy = fid. 

Hence, 
since ay > ,95, «r > (iy and («r) : (/V) = («r) : (j53). 

Therfor a > y? and a : ,9 = {«;•) : (,9y). 

Also « : /9 = («r) : ((^-5)- 

466. Theorem, If a^:^ fi and y> d, then ay;^^ 
and{ay):{fiS) = {a:^)^{y:5), 

If 7" = o, «;- = o and a;- > /95. 

Also 7- : 5 = o and (oj-) : (JiS) = o. 

Therfor(ort;(iM)-(«:fflx(r:5). 

If r + o, since « > A or > ,9r and {ir):{h) - o : /9. 

Sincer><>, /9r>/3«"and{/3r);095)-r:«. 

Therfor ay > j93 

and(or):(/33)- [(or):(ft-)] X [»):«] 

= (■" : ffl X (r : 5). §§460,331. 



467. Theorem. If a > /9, tken aj- > /9 and 
This follows immediately from | 466 by supposing 



468. Theorem. // « > /9, t/ii-n ya > ^ and 

469. Theorem. ^ a= ^, T=^> ^^ (^ > Y< then 
«>■)'> (^ ^ ^» ^*^'^ a : ;■ = ^ : 5 ; cwi/ conversely, if 
a>r. ;5>5, a: /■ = j9: a, andy=S, thenar fi; if 
a>r, ^ > ^. i:r= ^-.S, and a = f-t, then /■=<?, 
provided ^ is tiot zero. 

For the direct theorem, 
since a = j9 > ;-, a > j- and a : ?• = /9 : r- 

Since /9 > r =5, /9 > 5 and ^ ; j- = ^ : 5. 

Therfor a : ^ = ;3 : 5. 

For the first converse theorem, 
since P>S = r, /9 : 5 = j9 : J-. 

Hence, since a -.y = ^ ■ S, a : j- = ^ : y. 

Therfor ■ « = /?. 

Similarly the remaining theorem may be proved. 

470. Theorem. If a-^ ^, y = S, and /3 > ;-, then 
«>r.^>^.«:r>j9:^.'^«'^(«:r):(/3:^) = «:^; 
and conversely, y^a>)-, ^>5, a:;->^:5, and y =5, 
then a > ^. 

For the direct theorem, 

since « > /5 > r. « > r. « : r > i? = r. 

and (« : r) : (/3 : r) = « : /?■ § 463 

Since ^>7- = 5, /5 > 5, and i? : r= ^9 : 5. 
Therfor a:r>^:S 
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and («:r);(/3:rt-(<.:r):(/9:«). §459- 

Also (<.:r):09:«)-o:/3. 

For the converse theorem, 
since ;9 > 5 ^ ;-, /9 :<? = /?: j-. 

Hence, since a '.y"^ ^ : d, «:?'!>^:?'- 

Therfor « > ^. 

471. Theorem. 1/ a = ^, r > ^. ^"^ /^ > ?•, /AtTj 
« > r. /9 > ^. «: r < j3 : 5, «w^ (;9 : 3) ; (a : r) = r : *. 
provided j9 /j k<7^ xri^rt' / and conversely, ;/ « > r. /^ > 5, 
a ; 7- < ;5 ; 3, ak^ a = ,9, /A^k r > ^. provided [i is not 

For the direct theorem, 
since « = ^ > r. « > r- and a : ^ = /9 : j-. 
Since /3 > r > 5, ^ > 5, ^ : ^ > /? : j-, 
and 0?:^):(^:r)=r:^. 

Therfor « : r < ^ : ^ 

and G9:^:(«:)') = (^:5):03:r). 

Also {/3:,S):(«:r)=r:^- 

For the converse theorem, 
since ,5 = « > )-, /9 :?- = «: r. 

Hence, since a : r < /3 : J, /? : r < /' : *■ 

Therfor r > <^- 

472, Theorem. 7/^ " > A r > '5. '^"'^ 
/3 > r, ;&<! a > J, o ; 5 >(3 : r, oiii 

(a:J):09:rt-(<.:«x{r:J). 

Since (3>r><', /5 > *, /':5>/9:r, and 
03:3):03:r)-r:S. 

Since a > j9 > 5. a > 5, « : (J > j3 : 3 and 
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143 


Therfor a : 5 > /? : ;■ 


and 






(a:3):{/9:r)=[(«:5):(/?:3)] > 


[0': 


«) : 0' 


:)•)] 


= {«:^)x(7-:3). 








473. Theorem. ^ a > ;9, 7- > 5 


■jW a 


:/9- 


r:«, 


tkcn a$ = pY; and conversely, if a 


> /9 and a3 


= ft-. 


then /■ >■ ^ and a : /9 = 7- : 1?, provided 3 is not zero. 


For the direct theorem. 








since a>^, «5>^^ and (fl5) 


(«- 


a:/3. 




Since r > 5, /Sr > /5^ and (^r) 


(»- 


r:5. 




Hence, since a.:^ = y:3, (ad) 


093) = 


(»): 


(«. 


Therfor 


aj. 


ft-- 




For the converse theorem, since 


>A 






aS > jid and (a5) : 


W = 


<!:,9. 




Hence, since ad = j^-f, 








^ > ^5 and (^) 


(«- 


(«S): 


(«• 


Hence )->^ and 


r:5_ 


(*): 


(i9J). 


Therfor 


.:,9- 


r:3. 




474. Theorem. Tf a:^ ii,r>S 


((«(/ a 


:/'> 


?:<>■ 


then a5 > ^ and {aS) : (^) = (h 


:/3):(r:3); 


a/.,; 


conversely, if r> ^ '"^ uS> ^ 


then 


«>/3 


and 


a : /5 > )- : 5. 








For the direct theorem, 








since «>;?, a5 > ^95 and («3) 


■.(03) = 


.a-.f 




Since r>^, ft- > ^5 and (^?-) 


:(« = 


-r-.i 




Hence, since a ; ^ > ;- ; 5, (fl3) 


(«>») 


m 


and[(a5):{/95)]:[(;9r):0?5)]={« 


«:(r 


■■3). §4l59- 


Therfor a«J > ,9)- and (o^) : (pr) = 


= («:/3 


:(r: 


')■ 


For the converse theorem, 








since;->5, i^r > ^S and (^) : (pS) = r 


3. 


fl 




Hence, since ad >■ fly, 

««~>,?,)and H):095)>(i9r):G9'n- 
Theifor a > /5 and a : ^ = (.--i) : f^5). 

Therfor a : j9 > ^ : <J. 

475. By comparing §§409—474 with §§75— 128, 
the analogy may be seen that exists between the 
theory of products and quotients on the one hand and 
that of sums and differences on the other. Also 
certain points of divergence between the two theories 
will appear. 

476. Theorem. If a > fi, and a : ^ > ;-, then « > ^ 
««^«:0V)=(«:,9):r. 

This follows from § 474 by supposing <? = i. 

477. Theorem. If a > fi andx'> « : A ^^^^ T^> « 
and(r^):a = r:(a:^). 

478. Theorem. Jfa > ;■ and ^>r, then « + ^ > r 
and {a + j9) : j- = (a : j-) + (;9 : ;•) ; and conversely, 
if a > r and a + /3 > J-, i/icn ^:^r <^nd 

C« + /3):r=(«:r) + (i5:r). 

For the direct theorem, 
since a ;> ^, a = p;- and a ly = tp. 

Since P > r, /5 = JfT ^"'^ ? '-X — X- 

Hence a + j9 = pj- + /T = (^ + Z)r- 

Therfor ffl+/9>rand{a + /9) : 7- = f + X- 

Or ■ (« + /9):r = {«:r) + (/9:r> 

For the converse theorem, 
since ^'^T, a = fy. 

Since a + /9>r, « + j5 = iV- 

Hence (a -f ^) - a - ii-r - i^r = (i^ - f )r- 




Or /)_(t<-f)r. 

Therfor j5 > )• and by the direct theorem 

(« + a:r = (<.:r) + (,3:r). 

This theorem is the DiBtribntiv Law for Division and 

Addition. 

479. Theorem. If <i-'>r and ,9 > y, tJun a — ;5 > ;- 
and (a — ;3) : 7- = (a : ;-) — ((9 : ;-) / and coni'crsely, 
if '^>Y and a — ^ > ;•, iken ^'>r and 

(«-/3):r = («:r)-09:r)/'/;9>r««'^«-/3>r- 

tlun a-> r and {a - ^) :r ^{a :r) ~ (/? : r)- 

480. Theorem, If « > ;-, [i>h '^"'^ ^ 
and jt ar any tuio integers, then ^« + /i,3 > ;- and 
(;a + ft?):r = A(«:r) + K,9:r)('). 

481. Theorem. ^ « > r. /^ > r. "'"^ '' 
(2«(/ ji ar any two integers, iken Xa — H(i >■ j and 
{ia-l.ii):r~H<':r)-f(J>:r)- 

482. Theorem. // a > ^ ««;/ r > "^i ^^""'^ 
aS + pr> fS ""' {''^ + M ■■ (« - (« : f) + (r ■■ «)■ 

Since a > ^, «5 > ^5 and (a5) : (;9(?) = « : /9. 

Since r>S, A- >/5''an<i(*) :(;'■')- r:«. 

Therfor oo' + ft- > ,95 
and («3 + ft) : (i?^) _ («J) : (/?«) + (ft) : (,95). 
Also(«5 + ft):(« = (a:« + (r:a). 

483. Theorem. .^ a > ;9 ««(^ r > i^. '^^« 

"S - ft > i''' "'"' H - /'rt • d'"') - i" '■ n - (r '■ ^)- 

484. Theorem, f/a^^ and a and j3 «r io/A posiliv 
ar both ncgativ, Ifien a : ^ is positiv ; if either a or ji is 

{')See Legenclre, p. 3 ; Chiystal, p. 39. 
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■^ 


positiv and tlie other negativ, then a : ^ ii 


r negativ; ^^H 


and conversely, if tlie quotient a'.^is positiv, i 


z and ^ ar ^^^| 


either both positiv or both negativ ; if a: ^ \ 


is negativ, ^^| 


either a or ^ is positiv and the other negativ. 


^^1 


Suppose « > j9 and that a and ^ ar both 


positiv. ^^H 


Then a = fii and a : ^ = f. 


^H 


Now If is either positiv, zero, or negativ. 


^H 


But ip cannot be zero, since then <f^, and hence a, ^^ 


would be zero. 


■ 


Similarly f cannot be negativ. 


■ 


Therfor tp is positiv. 


■ 


The other parts of the direct theorem ar 


proved in ^^1 


a similar manner. 


■ 


The converse theorem is proved by the i 


method of ^H 


exhaustion. 


■ 


485, Theorem. If a > ^9, then - « > ^ and ^| 


(_«):^^_(„:,9). 


m 


Since a'^ (i, a^ tp^ and a : /9 = p. 


■ 


Hence ~a=~ (f^) = (~ p)^. 


■ 


Therfor - « > j9 and (— o) : j9 = — p = 


-("^ffl- H 


486. Since the expressions (— «) : /9 and - 


-(a:,3)ar H 


equal, the parentheses may be omitted and both be ^^H 


written — a : p. 


^^1 


487. Theorem. // a :^ ^, then a > 


-^ and ^H 


« : (- /3) = - (« : ^)- 


■ 


488. Theorem. ^ « > ;?, then - a > 


-/J <i>u/ ^B 


(-«):(- /9) = « : p. 


■ 


489. Theorem, a > — i a«(/ a : (- i) = 

m 


J 



490. From the theorems of §§ 170, 485, 487, 
we derive the following equalities : 

(-«}:(+^)=-a:A 
(+«):(-^)=-«:/9. 
(-«):(- j9) =+«: /9, provided a > /?. 
These equalities constitute the Eule of Signs for 
Division, which is usually briefly stated : In division 
like signs giv +, unlike signs — . 

In particular we hav {— a) : b =-d : (— (5) = — (« : b") 
and {—«):(— i5) = rt : b, provided a';i- b. 

491. Theorem. If a > ^ and y is posiliv, then 
a : 7" > /9 : ^, provided a and /9 ar both divisible by j-. 

Since a > j-, a=ipf and « : ^ = ^. 

Since ;9 > j-, ^ = xy ^^^ ? '■T = t- 

Since a > ^, f ?" > XT- 

Therfor, since y is positiv, <f'>X- § 345- 

Or a:y>^:y. 

492. Theorem, If a':> ^ and y is ncgativ, then 
a : y <i^ :y, provided a and ^ ar both divisible by y. 

493. Theorem. If a'^ ^, and ^ and y ar posiliv, 
then y : a<_y : (i, provided y is divisible by both a and [i. 

Since ;- > a, y—ifa and 7- : a = y. 
Since )■ > i^, y = x^ ^"*^ T '■ ^ = X- 
Hence <fa=-^ji. (i) 

Since fi is positiv, « is positiv. § 2or. 

Since fi and y ar positiv, ^ is positiv. 
Hence, from (i), since a> ^ and aand;f ar positiv, 
f<Z- §353- 




and («:r):0?:r) = (« 


:r):tf:J). 


Also (a:r):(/3:J). 


-a-.fl. 


For the converse theorem. 




since /3>o-_r, 


ii-.a-p 


Hence, since «:r>, 9:5, 


«:r>f 



§459- 



Therfor « > j9. 

471. Theorem. If « = A ?'>^> ^^ f^>h ^^" 
a> r. ^ > ^, "--r < li ■• S, ind {^ : 8) : {a ir) = r ■■ 3, 
provided /9 is not zero ; and conversely, if a^j, /9 >■ 5, 
a : J- < ;9 : 5, and a = ,8, i'Ac« ^ > (S, proinded ^ is not 
zero. 

For the direct theorem, 
since « = ^ > r, « > r. a""^ « : r = /* : r- 
Since /9 > r > 5, /9 > 5, ^5 : .5 > j9 : ;-, 
(^:5):(^:j-)=r:^- 

(j9:5):(«:rt = {;3:3):03:r). 
(/9:5):(«:j-) = r:^. 



and 

Therfor 
and 
Also 

For the converse theorem, 
since ^ = « > ^, '^ -.y = a:y. 

Hence, since a : r < /5 : 5, /3 : ;- < /3 : 5. 

Therfor ;- > 5. 

472. Theorem. If « > j9, r > ^. "n<^ 

^yi-r, then a:^S, a : 5 > ^ : 7-, ««rf 

(a:5):(j3:r}=(«:i3)x(r:5). 

Since ^>r>^, P > 5, /9:a>j9:r, and 
(P:5):0?:r) = r:^- 

Since a > j9 > 3, a > 3, a : 3 > ,9 : 5 and 

{a:S): (^ 
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■ 


Therfor a : 5 > ;? ; /■ and 




(«:J):(;9:rt=[(«:5):{^:3)] x [0? : «) : (,9 : r)] 


■ 


= (a:,9)x(r:3). 


■ 


473. Theorem. If a-^f^, j- > 5, <iW a : /9 = r : ^. 




^Af« a^ = ;9^ / and conversely, if fi.^ ^ and aS = /?^, 




/Ac« ;- > 5 and a:^ = Y :8, provided 3 is not zero. 




For the direct theorem, 




since a > /9, all > j9() and {««) -.(fiS)- a : f. 




Since r>«,j9r>,9J and (ft-) : ((95) _ r : J. 




Hence, since a : ^ = r : J, (oj) : {;9J) =. (ft) : (;93). 




Therfor a5 = ft. 




For the converse theorem, since u > ft 




aS > fS and (o3) : ((93) - a : ft 




Hence, since aj = ft. 




ft>/9J and (ft); (,33) = (««): (,93). 




Hence r>'» andr:'» = (ft):(i9''). 




Therfor a:^ = r -.3. 




474. Theorem, y o > ft 7- > 3, o.aT a : /9 > r : 3, 




;/i^« a3 > ft fl«</ (o3) ; (ft) = (a : /9) : (r : 3) / flW 




conversely, if r> 3 and ad:^^, then a:^ ,3 and 




a:/9>r:3. 




For the direct theorem. 




since a > ft a3 > ,93 and {aS) : (,93) = a : ft 




Since r > 3, ft > /93 and (ft-) ; (,93) = r : '■ 




Hence, since « : ,9 > r : 3, (a3) : (,93) >(ft) : (,93) 




and [(a3) : (,93)] : Ufir) ■ («] = (« : ft : (r : 3). § 469. 




Therfor a3 > ft and («3) : (ft) = (a : ft ; (r : 3). 




For the converse theorem, 




since r> 3, ,9^ > ,93 and (^r) : (,93) = r : 3. 






1 




«5>,?.?and {a3):(j9d)>{l3r):m- 
Therfor a > /9 and « :^= (,t5) : (,95). 

Therfor a : /3 > 7- : 5. 

475. By comparing §§409-474 with §§75—128, 
the analogy may be seen that exists between the 
theory of products and quotients on the one hand and 
that of sums and ditTereiices on the other. Also 
certain points of divergence between the two theories 
will appear. 

476. Theorem, .^u > ,9, and a : /9 > ;-, //lat «>/??- 
a>id a : Q3r) =(a:^):r- 

This follows from § 474 by supposing d = 1. 

477. Theorem, //a > ,? andr >«:;?, ^» r^> « 
a»d(r^):a = r:{a:^). 

478. Theorem. Ifa^y and P>r, then a + ^ > j- 
and {a + ,9) : J- ^= (a : f) + {ji : f) ; and conversely, 
if a > r and a + ^ > 7-, then /9 > r and 

For the direct theorem, 
since « > r, <^ = <fr and a : ;- = p. 
Since ^"^f, i^ = XT and /?:;- = jj. 
Hence a + /3 = fT + Zi'=(v + ^)r- 
Therfor a + ^ >)-and(« + ;5) : r = i^ + /• 
Or ■ (« + ,9):j- = {«:rt + {/5:r). 

For the converse theorem, 



since f^ 3" Tr "^ = iT- 

Since a + ;? > )-, a + ;? = i^'r- 
Hence (a + ^) — a ^ {J/- - 



fr = {<!>- 




Or i9_(i'. -rtr. 

Therfor ^ '^T ^""^ ^Y ^^e direct theorem 

(<. + |9):r=(«:r) + 0S:r> 
This theorem is the Distrifcntiv Law for Division and 
Addition. 

479. Theorem, //a^^y and (i > r> i^eit a — ^ > ;- 
and {a-li):y = {a:y)-[-i:y); and comwrsely, 
^ a > 7" and a — ^^i^y, then ^ > ?" and 
{a- ^•):r={a:y)-{^ -.y); if ^':^r anda- ^-^r^ 
then a:^r<^nd{a.-^):y = {a:i)- (/9 : y). 

480. Theorem. If (i-:^y, j9 > ?•, and X 
and ji ar any two integers, tlten Xa -\- /ij3 >■ ;-- and 
{fa + ^[i) ■.y = X{a:y)^ ,ii3 : y) ('). 

481. Theorem. // « > r, P> r. "'"^ ^ 
and ft ar any tzvo integers, then Xa — /ifi > y and 

(ia-i,ii):r-t{u:r)-i'{i>-ry 

482. Theorem. If « > /9 amt r > ^. ^'^'^ 
aS + ^r>l>S''"i H + A") : OT - (« : /9) + (r : «)■ 

Since a > ;9, «5 > ;9(J and («(J) : (/?^) = a : /9. 

Since r>«. A->/3''and(ft-) :0!J)_r:3. 

Therfor o« + fr > /''' 
and {«<!+fr):(»-(«5):(,93) + 09r):«. 
Al=oH + A-):(/3S) = (a:j9) + (r:5). 

483. Theorem, y^ « > /? «W r > ^. '^^'^ 

n« - ,ir > ;'»■ '»'«' (»* - M ■■ {?>) - (n : /5) - (r ; ""). 

484 Theorem. If a':^^ and a and ^ ar both positlv 
or both negativ, then fii ^ is positw ; if either a or ^ is 

(' ) See Legeadre, p. 3 ; Chrystal, p. 39. 
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The symbol 7 : 2 is, then, at present meaningless. 
Similarly the symbols 7 : (— S), 4 : 3, (— 5) : ( — 4) ar 
meaningless. 

606. Definition. Division. The process described 
in § 505 for finding whether a is divisible by /3, and, if 
divisible, for finding the quotient, is calld division. 

Thus the quotient fl:;9, when it exists, is obtaind 
from a and yS by an operation, the operation of divid- 
ing a by j9. In this operation a is the operand, the 
passiv element, or dividend, and j9 the operator, the 
activ element, or divisor. 

When a and /3 ar the primary numbers a and b, 
their quotient a : b, when it exists, may be obtaind 
by dividing a group of a objects into b groups, the 
numbers of objects in the latter groups being the 
same, a : b. 

Or we may divide a group of a objects into groups 
of b each, the number of these groups being «:^{'), 

These results follow directly from § 455. 

507. By § 490 the quotient of a positiv and a neg- 
ativ integer, or of a negativ and a positiv integer, or 
of two negativ integers, may be found when the quo- 
tient of the corresponding positiv integers is known, if 
the latter quotient exists. 

608, DiviBion Table. In order to make a table of 
the existing quotients of all possible pairs of the num- 
bers I, 2, 3, ■ ■■, R, wc divide a square into compart- 
ments as in § 74 and write the numbers 1, 2, 3, ■ ■ • , © 

[') See Tannery, p. 17. 
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along the top and left-hand sides of the square as in 
that article. 

In each compartment we wish to place the number 
which is the quotient of the two numbers found re- 
spectivly at the left of the row and at the top of the 
column m which the compartment lies, if this quotient 
exists. 

Thus in the eighth row of compartments we should 
write the numbers that represent the quotients 8 ; i, 
S:2, 8:3, 8:4, ■■■ 

To find these quotients we may use the multiplica- 
tion table to advantage. We notice that in the com- 
partments of that table the 8's lie in the first, second, 
fourth, and eighth columns. The 8 of the first col- 
umn is in the eighth row ; hence 8:1 = 8. The S 
of the second column is in the fourth row ; hence 
8:2=4. Ther is no 8 in the third column ; hence 
ther is no quotient 8 : 3. The 8 of the fourth column 
is in the second row ; hence 8:4= 2. And so on. 

Hence the eighth row of our new table will contain 
the numbers 8, 4, 2, i in the first, second, fourth, and 
eighth columns, and none in the others. 

In a similar manner we may form the rest of the 
tabic, given on the next page. 

509. Theorem. T/w operation of division is inverse 
to multiplication ('). 

This follows immediately from § 453. 

(')Sce Schuberl, " Encyklopadie," p. 16. 
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510. Theorem. Multiplication is inverse to diviston. 

511. Definition. The operation of multiplication, 
which was defined (§ 297) as a repeated performance 
of the direct operation addition is also calld a direct, 
or gyntlietic, operation. 

On the other hand, in division, having given two 
integers, of which the second is a factor of the first, 
the object is to find a third integer which multiplied 
by the second makes the first Every question in 



DIVISION. I 5 5 

division is, then, tumd into a question of multiplica- 
tion. For this reason division is calld an indirect, or 
analytic, operation. • 

For reasons the same as above given « x ^ and 
a : j9 ar calld respectivly Bynthetic and analytic combi- 
nations of the integers a and j9. 

The opposition in nature between multiplication and 
division may be shown by the equality y = «;9, 

If a and [i ar given to find y, we get the result by 
multiplication. 

If Y ^nd /3 ar given to find a, or j- and a given to 
find /?, we get the result by division, the operations in 
these two cases being of the same nature because of 
the commutativ law for multiplication. 

To distinguish multiplication and division on the 
one hand from addition and .subtraction on the other, 
the former ar calld the operations of the second 
step('), or second degree, the latter the operations of 
the first step, or first degree. 

The operation of multiplication is always possi- 
ble. The operation of division is possible only when 
the passiv number is a multiple of the activ number. 

512. Tbeorem. WItett the operation of division shows 
that a'^ ^, a pair of integers <p, ;f can be foujid, and 
only one pair, such that y/3 is the greatest of all the 
multiples of /5 wJuch ar less (*) than a, ^^ t/ie least of 

(')See Schubert, "EDcyklopSdie," p. 14; SloU and Gmeiner, p. 9. 
(')SceChryslal, p. 42. 
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all the multiples of fl which ar greater than a, 
y~(f=.±i ('), according as ^ is positiv or negativ. 

We hav J^? < a < {i^. 

Of course all those multiples of ^ which ar less than 
/;? ar also less than a and those greater than ^^ ar I 
greater than a. 

Now of all the multiples which ar less than a, from 
X^ up, pick out the greatest and let its coefficient be 
f. Then ^|9 is the greatest of all the multiples of ^ 
that ar less than «. 

Also, of all the multiples which ar greater than a, 
from fi^ down, pick out the smallest and let its co- 



Then 1^ is the smallest of all the j 



efficient be 

multiples of /9 that ar greater than o 

We hav, then, ^j5 < a < y^, and hence if^ < -0. 

Now p/9 and i^ ar consecutiv multiples of j9. 

For, suppose ther existed an intermediate multiple, 
i*;9, so that f/9 < ^J'/S < x?- 

Then either ^j9 < a or (f/3 > a. 

If ip^ < a, then y/3 would not be the greatest of all i 
the multiples of /9 which ar less than a. 

If ^j9 > a, then ;f/9 would not be the smallest of all ' 
the multiples of /9 which are greater than a. 

Hence ther is no multiple of ^ between p/9 and -^^ 
and these two multiples ar consecutiv. 

Therfor, if /9 is positiv, ;^ = ^ + i and j^ — ^ = i ; 
if /9 is negativ, |f = ^ — i and j^ — ^ = — i. 

Only one such pair of integers can be found, since 

(' ) See Slolz und Gmeiner, p. 24. 




ther is only one greatest, and one least, among a set 
of integers, no two of which ar equal. 

613. Definition. Besides the process previously calld 
division {§ 506), the process for finding the integers if 
and /, when a 3> j9, as described in the last article, is 
also calld division ; a is the dividend, ;9 the divisor, 
ip the lower quotient, x the upper quotient. 

To distinguish division in the sense of § 506 from 
division in the present sense, the former may be calld 
exact division and the latter approximate division ('), 
In exact division the dividend is said to be exactly 
divisible by the divisor. 

514, Definition. When a is divided by /9 giving a 
quotient <p, either exact quotient, lower approximate 
quotient, or upper approximate quotient, the difference 
a — f(3 is calld the remainder (^). 

filfi. Theorem. U7ien a is divided by ^ gi~'-'ing a 
quotient f, either exact, lower af proximate, or upper ap- 
proximate, if p is the corresponding remainder, tlien 

516. Theorem. In exact division the remainder is 

zero ; in approximate division the remainder correspond- 
ing to the lower quotient is positiv, the remainder corre- 
sponding to the upper quotient is negativ. 

For in the first case a = tf^, in the second a > to/?, 
in the third a < tp^. 

617. When in approximate division the words 

(> ) See SloU und Gniciner, p. 25. 

(') Sec Chryatal, p. 42 ; Tannery, p. 80 ; Stolz unil Gineiner, p. 25, 
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"quotient" and "remainder" ar used without quali- 
fication, the lower quotient and positiv remainder ar 
usually meant, 

518. Theorem. When a is approximately divided by 1 
^, t/te sum of the numerical values of the positiv and j 
negativ remainders is equal to the numerical value of /?. 

Let (I and a be the positiv and negativ remainders 
respectivly. 

Then \p\-V [ a | = p + a= p ~ a. 

But a = ip^ -\- p and a^y^^ -\- a. 

Hence y^ + p ^ jr^ -f <t, 

Therfor P - ''=X^ - f^= (jC~ <PW \ 

= ±: I ;9, according as ^ is positiv or negativ, 
= ±^. 

Hence |^| + |ff| = |^|. 

619. Theorem. When a is approximately divided by 
^, both remainders ar numerically less than ^. 

This follows from §§ 518, 264, 234. 

620. Theorem. If, -when two integers ar approxi 
mately divided by the same integer, the positiv remain- 
ders ar equal, then the negativ remainders ar also equal, 
and coTwersely. 

621. Theorem. If a=f^-\-p, wker ^ ^ o and 
\p\ < I ^ 1 / then, if p is sero, f is the exact quotient of 
a divided by ^ ; if p is positiv, <p is the loiver approxi 
mate quotient; and, if p is negativ, f is the upper ap- 
proximate quotient; in each case p is the corresponding , 
remainder. 




First, if /> = o, a = ip^ + l> = f^- 

Therfor if — a ; /9, 

Second, suppose ^i is positiv. 

Then ^/3 < a. 

Moreover if^ is the greatest of all the multiples of 
^ which ar less than u. 

For (^± i)fi';>f^, the upper or the lower sign 
being used according as /? is positiv or negativ. 

§§ 332, 336. 

Also, since ± (9 > jo, ^/? ± /? > ^/9 + />. 

Or (y±i)i9>«. 

Hence the next higher multiple of ;9 after f^ is 
greater than a. 

Therfor ^/9 is the greatest of all the multiples of j5 
which ar less than a, and tp is the lower approximate 
quotient of a divided by /3. 

Similarly, if p is negativ, it may be shown that tp 
is the upper approximate quotient. 

In each case we have a — ip^i — ji and therfor p is 
the corresponding remainder. 

523. Theorem. If a and ^ ar any two integers, except 
that ^ viay not be zero ; then a can be written in the 
form ff^ + p, wher ] i" | < | ^ | , in one, and only one, way, 
when a is exactly divisible by ^ ; and in two ways, and 
no more, when a is not exactly divisible by ^, one with p 
positiv and one tvith p negativ. 

It follows from §5^5 that one such way exists 
when a is exactly divisible by fi, ip being the quotient 
a ■ (9 and p being zero, and two ways when n is not 




exactly divisible by /9, in one way <p being the lower 
quotient and p the corresponding positiv remainder, 
in the other f being the upper quotient and p the cor- 
responding negativ remainder. 

To prove that no other such form of expressing a 
can be obtaind when n is exactly divisible by ^, 
suppose i^'fi + /> is any such form. 

We hav also a = ip[i. 

Hence ^j3 + p =^ ^/9. 

Therfor p ^ f^ — ^^ = (f ~ tp")^. I 

Hence p->^. But ljo|<|j5|. Therfor /. = o. 
§498. 

Hence il' is the exact quotient of a divided by (i. 

S521. 

This form is, then, the same as the other. 

Next suppose « is not exactly divisible by /3 and 
let f^-j-phe any form of expressing a. 

Then p ^ o. For, if p =0, a would be exactly 
divisible by ;?. 

Hence p is either positiv or negativ. 

If p is positiv, f is the lower approximate quotient 
and p the corresponding remainder. § 521. 

If p is negativ, f is the upper approximate quotient 
and p the corresponding remainder. 

Our theorem is, then, proved. 

623. Theorem. If a is exprest in the fonn tpfi + p, 
wher I Z' I < 1 /5 1, then a is or is not exactly divisihle by ' 
fi, according as p is or is not zero. 

524. Theorem. If a. be approximately divided by ^, 




giving' a quotient f and remainder p, then, -when uO is 
divided by ^6, a quotient, lower or upper , vnll be f ('} 
and the corresponding remainder p8. 

For we hav a^= f^ + p, wher | /' | ■< | /? |- 
Hence «fl = (^/9}(? + pd. 
Or ad = f(^6) +pd. 

Also, since | (? | is positiv, |;o||fl|<|^||fl|. 

That is. \pd\<\^6\. 

Theifor, when ad is divided by pd, a quotient, 
lower or upper, must be f and the corresponding re- 
mainder pd. § 521. 

635. The most important particular case of the pre- 
ceding investigation is when a and j3 ar both positiv 
integers, or primary numbers. 

Suppose a and b ar any two primary numbers and 
a>b. 

If a is exactly divisible hy d, a^ qb. 

If a is not exactly divisible by b, let q be the lower 
quotient, t the upper, r the positiv remainder, and — j 
the negativ remainder. 

Then a^=qb + r, a^tb — s, r -\- s = b, and r and 
s ar both less than b. 

We hav also the following additional theorems for 
primary numbers, or positiv integers. 

526. Theorem. If a and /? ar positiv, a > /5, and 
« 3? j9. i^en both approximate quotients obtaind by di- 
viding a by ^ ar positiv. 

(1) See Slolz und Gmeiner, p. 34. 
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Let if be the lower approximate quotient and /> the 
corresponding^ remainder. 

Then a = ip^-\- />, wher a > /9 > ,0. 

Hence p/9 = a — /*, wher « > /). 

Hence f = {a — p):^. 

Since a'> p, a — p is positiv. 

Since, therfor, f is the quotient of two positiv in- 
tegers, f is positiv. 

Similarly we may prove that the upper quotient is 
positiv. 

527. Tlieorem. Jf a and ^ ar positw, « > ;9, and 
« ^ A ^^ ^^^^ /ffwfr approximate quotient ip obtaind 
when a is dimded by ^ is greater than tlu corresponding 
remainder, then, when a is divided by f, the lower ap- 
proximate quotient is fi and the remainder the same as 
■when a is divided by ^. 

Let p he the positiv remainder obtaind when a is 
divided by /9. 

Then a = fli + p, wher P'Cf- 

Hence a = ^<p + p. 

The theorem then follows from § 521. 

528. Theorem. 7f a and ^ ar positiv, « > ^, and 
a 3> f9, and the lower approximate quotient sp obtaind 
when a is divided by ^ is greater than /9, then, when a. 
is divided by <p, the lower approximate quotient is ^ and 
tlie remainder the same as when a is divided by ^. 

For, if ^ > ^ and j5 > /i, f>p- 
629. Theorem. If a and ^ ar positiv, « > ^, and 
a'^ ^, and the upper approximate quotient f^ obtaind 
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when a is divided djy ^ is greater than the corresponding 
remainder, then, when a is divided by ^, the upper ap- 
proximate quotient is ^ and the remainder the same as 
when a is divided bv ^. 

530. Theorem. If a and ^ ar positiv, a-^ fi, and 
« 3f ^1 i7«rf the upper approximate quotient ;f obtaind 
■when a is divided by ^ is greater than ^, tlien, when a 
is divided by ■^, the upper approximate quotient is ^ and 
the remainder the same as when a is divided by ^. 

531. Theorem, j/ 1 < ^ < a ajid ip is the exact or 
lower approximate quotient obtaind by dividing a by (i, 
then both f and f +1 ar less than a atid {if + i)j9 > a. 



Since ^> I, 


,9s 2. 




Hence 


f/Ssf X 2. 


i§ 330. 335- 


Or 


f/Ssy + f- 




Now 


a^ff. 




If.-yft 


y>i. 


SSOi. 


Hence 


f + f >p+ I- 


§216. 



Hence in this case we hav 

fi = ifii^(f -\- if~>if-\- \. 
Therfor a > yj -f i. 

Moreover, since y + i > f , (f + 1)/' ~>f?- § 332- 
Therfor (^ + 0^ -^ "■ 

Hence ^ + y > y; + r . 

Hence in this case a>p/9>y' + f^95 + i. 

Therfor a > ^ -f- i . 

Moreover, since ^+i is the upper approximate 
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quotient obtaind by dividing « by j?, {p+ i)^ > et. I 
§512- 
In both cases, since y 

532. Theorem. If a'>- 2 and /9 is tlie integer one\ 
greater titan the exact or lower approximate quotient ob- 1 
taind by dividing a by 2, then i < ^ < a and j9j9 > a. 

Let the exact or lower approximate quotient ob- ' 
taind by dividing a by 2 be p. 

Then ^+ I <aand (^+ i)2>a. | 531. 

Also 55 + I > 1. 

Hence, if/9=y3+ i, i</9<a and ;9 x 2 > a. 

Also, since ^ ^ 2, ;9^ ^ /3 x 3. 

Therfor ^^9 > «. 

533, Theorem. If a~:> 2 and we divide a succes- 
sivly by each number of the natural series of increasing I 
positiv integers, we must after a time come to a divisor \ 
^, wher /<;?<«, which givs an exact or lower ap- 
proximate quotient ip, such that f<.^. 

Let ^ be the integer one greater than the exact or 
lower approximate quotient obtaind by dividing a 
by 2. 

Then i < ^ < a and ^,9 > a. 

Now divide « by /3 and let f be the exact or lower ' 
approximate quotient obtaind. 

Then f fl^a. (i) 

Now suppose f^P' 

Then fiJS0. 

Hence f^'> "1 

which contradicts (i). 
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Hence f ^ ^ smd ^ > )9. 

Therfor 9 <^- 

We have shown, therfor. that ther is an integer /?, 
which satisfies the requirements. 



CHAPTER VII. 



FACTORS. 



684. We hav seen in § 487 that, if an integer has a 
given factor, it has also as. a factor the opposit of the 
given factor. Moreover, no integer has zero as a fac- 
tor (§ 427). We will therfor in what follows confine 
our attention chiefly to positiv factors. 

636. Theorem. The number of positiv factors of any 
integer, except zero, is not greater than its numerical 
value (^). 

For we hav seen that no factor is numerically 
greater than the integer itself. 

If a is the given integer, its positiv factors must 
therfor be among the numbers i, 2, 3, . . ., \a\ — 2, 
I a I — I , I a |, the number of which is | a |. 

636. Hence the number of positiv factors of a given 
integer, not zero, is definit, or limited. 

637. Every integer, not zero, has unity and its own 
numerical value as factors. But not every integer 
has other positiv factors. An example of the latter 
class is the number 7, as may be seen by dividing 
7 (§505) by all the positiv integers less than it. 

638. Definition. An integer that has no positiv fac- 

(^) See Tannery, p. ill. 
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tor except its own numerical value, if this is positiv, 
and unity is calld a prime integer. All other integers 
ar composit integers and ar said to be factorable. 

Zero is composit and unity is prime, for zero is 
divisible by every integer except itself, and unity has 
no positiv factor except itself. 

We may determin the primeness or compositncss 
of any given integer numerically greater than one by 
dividing it successivly by all the positiv integers 
numerically less than it, stopping if we come to an 
exact divisor greater than unity. 

Thus we find that i, 2, 3, S, 7 ar prime integers 
and 4, 6, 8, g composit. 

539. Theorem. // the integer a is prime, — a is 
prime ; if a is composit, — a is composit. 

For a and — a hav the same positiv factors. 

540. Theorem. If a prime integer a is divisible by 
an integer ^, wker | ^ | 4= i, | a | = [ ^ |. 

For, since a is prime, the only positiv factors it has 
ar I « j and i . 

Since a is divisible by ^, | ;9 1 must be a factor of a. 

Therfor, since | ^ | + i, | /? | = | a |. 

641. Theorem. Every composit integer, except zero, 
has a positiv prime factor numerically less than it and 
different from unity ('). 

For every composit integer a, except zero, hi 
or more positiv factors numerically less than 
different from unity, 

('} See Tannery, p. 127. 
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The smallest of these, say ^, must be prime. For, 
if ^ had a positiv factor ;• less than it and diflereiit 
from unity, a would also hav r as a factor. g 460, 

Then ,9 would not be the smallest of the factors of 
a which are numerically less than it and different 
from unity, 

Therfor /9 is prime. 

542. In virtue of the last theorem, when using the 
process of § 538 to determin whether a given integer 
is prime or composit, we need not divide by any 
positiv integer that we know to be composit. 

For, if the given integer is divisible by a composit 
positiv integer, it is also divisible by the positiv prime 
factors of this composit integer. § 460. 

Hence, if not divisible by the prime factors, it is not 
divisible by the composit integer. 

643. Theorem. If v is a composit integer different 
from zero, and a an integer such that | v j < aa, tlun v 
must hav a positiv prime fae tor less than | a \ ('). 

Since v is composit and not zero, it has a positiv 
prime factor ^, such that 1 < ^ < 1 1' | . 

Hence t = ^, wher I < |j-| < | v| . §501. 

Hence, since | v | < aa, | ^ | < ««, 

Therfor either ^ or 7- is numerically less than a. 

S40S. 

If 1 ^ I ■< I a ] , the theorem is proved. 

In case 1 7" I < I " I - T 's either prime or composit. 



(<)SeeV. A. Le Besgue, "Throne des Nombtes," 1S63, p. 48. 
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If r is prime, then, since y, and hence 


Mrl-i' 


s a fac 


tor of f, the theorem is proved. 






If y is composit, it has a positiv prime 


factor 5, such 


that I < 5 < ] ?- 1 . 




m 


Then v is also divisible by 3 (§ 460), 


which 


■ 


than 1 a 1 (§ 193), and the theorem is proved. 


■ 


S44. Theorem. ^ vis an integer different from zero. 


which has no positiv prime factor less than \a\. 


and if 


1 V 1 < aa, ilien v is prime ('). 






This follows immediately from § 543. 






846. Formation of a Table of Prime Positiv Integers (=). 


The method of g 538 is cumbersome, 


if used to find 


all the prime positiv integers from i to 


a given large 


number. 






The following method is comparativly rapid 




Let the given number be v and write the 


natural 


series of numbers i, 3, 3, ■ ■ ■, v. 






To determin the prime numbers in 


this se 


:ries we 


will cross out the composit numbers. 


This 


may be 


done by successivly crossing out the m 


ultiple^ 


S other 


than unit mutiples, of positiv integers which w 


eknow 


to be prime, other than unity. 




§541. 


Now we know that 3 is prime. 




§538. 


Let us cross out, then, the multiples 


of 2, 


2x2, 


2X 3, 2 X4. ■ ■ 






The first number after 2 of those thei 


1 remaining in 


the series is 3. 






(1) See Tannery, p. IlS. 


{«} See Tannery, p. uS. 




■ 
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Now none of the numbers left in the series and lei 
than 3 X 3 is divisible by any prime positiv integei 
less than 3, except r. 

All these numbers ar therfor prime. 

Thus 3, S, 7 ar prime. 

Next we cross out the multiples of 3, 3 x 3, 3 X 4M 
3X 5. ■■■ 

The next number after 3 in the series now left is §'M 

By the same reasoning as befor all numbers left i 
the series and less than 5 x 5 ar prime. 

Next we cross out the multiples of 5, 5 x 5, 5 x 6».| 
5 X 7, ■ ■ ■ 

And so on. 

If, after crossing out the multiples of the prim 
number j-, ther remain after }■ in the series one or more 1 
numbers, the first of which is 3, S is prime and we- 1 
next cross out the multiples S x S, 3(d + i), 3{d + 2),J 
■ . -, if these ar in the series. If 5 x <? > v, the tabl 
is complete. All the numbers then remaining in t 
series ar prime. 

This method of forming a table of prime numbers^ 
is calld the Siv of EratoatJienes. 

546. Theorem. If , whi'n a positiv integer v is dk'idedM 
successivly by all the prime positiv integers froi 
wher d need not be prime, none of the dimsions is exai 
and 3 givs a lower quotient f equal to or less than t 
prime number s next greater tlian d, the given iniegi 
is prime ('). 

^') See Tannery, p. 130. 



To prove this, we hav i> < (^ + i)5. §5 

Now, if p < e, y + I ^ e. 

Hence, since d <£, (f + i)3 <bs. §§ 349, 350. 

Therfor v < £$. 

If (P = £, let p be the remainder corresponding to 
the quotient f. 

Then, since ^^e!>ot>/>, f~>fi. 

Hence, if ^ is divided by ip, the lower quotient will 
be d. § 527. 

Therfor i'<{54- i)f. 

Since d<E, 3+ }^E. 

Hence, since y>= £, {(? + i)^^ee. §§ 331, 349. 

Therfor v < ee. 

In either case, then, ^ < ee. 

Therfor, since v has no positiv prime factor less than 
e, iJ is prime, 

647. Theorem. If , when a positiv integer vis divided 
successivly by all the prime positiv integers from 3 to 3, 
wher b need not be prime, none of the divisions is exact, 
and 8givs a lower quotient ip equal to or less than S+ r, 
the given integer is prime. 

This follows from § 546 as a particular case. 
For, if 95^3 + 1, then, since d -\- \^e, <p^t. 

648. By the help of the last two tJieorems we may 
use the table of prime positiv integers to advantage to 
determin whether a given positiv integer u is prime or 
composit, even when v is greater than any number in 
our table. 

We divide v successivly by the prime numbers of 
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our table. If we get an exact quotient greater than 

unity, V is composit. If wc get no exact quotient and 
come to a divisor which givs a lower quotient equal 
to or less than the next greater prime number in the 
table, the given number is prime. If we get no such 
quotient and try the last prime number i} of our table 
as a divisor, then the given integer is prime if the 
quotient obtaind is equal to or less than 7+1. If 
this is not so, we try ly + i as a divisor, then 5+2, 
? + 3. ■ ■ ■ until a divisor k, less than v, givs a quo- 
tient equal to or less than k •{- i. 

We must come to such a divisor. For by § 533 
we must find a divisor k which givs an exact or lower 
approximate quotient less than k. 

If no quotient is exact, the given integer is prime. 
For, in dividing by all the prime numbers from 2 to >; 
and all the integers 7+1, 3^ + 2, 3^+3, ■■■,*, we 
divide by all tiie prime numbers from 2 to k. 

549. Theorem. Having' given any composit positiv 
integer, a set of positiv prime factors, all different from 
unity, can be found, of which it is the product ('). 

Consider the number 1^. Dividing by 2, we find 
that % = 2 X 6. Dividing the quotient 6 by 2, we 
find that 6=2x3. Hence ^ = 2x2x3. 

Similarly let n be any given composit positiv integer. 
Then v has some posidv prime factor less than it and 
different from unity. Let a be the first of the prime 



(1) See Taoneiy, p. 131 ; Clirystal, p. 38 ; I-egendre 
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numbers 2, 3, 5, ■ ■ ■ by which c is divisible, the quo- 
tient being f^. Then v = atp^. 

If jCj is also composit and divisible by «, let <f^ be 
the quotient, so that lp^ =■ acp^ and n = «af j. 

Continuing this process we must come at last to a 
quotient (p^ which is not' divisible by a. 

For, let the series of quotients be <p^, tp^, ip^, ••■ 

Then V> ^p^^> f^> f^-> ■ ■ ■ §501. 

As each quotient is less than the preceding and all 
ar less than u, ther cannot be more than v — i of them. 
We must, then, at last come to a quotient f^ which is 
not divisible by a. 

Then we hav v = (aaa ■ ■ ■ a times) ip_^. 

In the same way we may find 
f^ = (p^^ ..-b times);fj, Xh = (JTT ■•'^ times);*^. etc. 

Then 
y = (aaa -.-a times) Q5/?;9 ■■•/> times) {fyy ■■ -c times) ■ ■ ■ 

None of the quotients ■^^, X^^ ■ ■ < Xb '^ divisible by 
a. For then tf^ would be divisible by a, § 461. 

Similarly none of the quotients 5^,, 5^,, ■ ■ ■ , i/'^ is 
divisible by a or |3 ; and so on. 

The whole series of quotients f^, ip^, ■ ■ ■ , <f^, y^, x^, 
" • Xi' 'Pv 4'v ■ ■ ■ > f'Vi ■ ■ ■ inust hav an end, the last 
quotient being a prime number different from unity, 
since, for the same reasons as given above, ther ar not 
more than v — r quotients in all. 

We hav, then, found a set of positiv prime factors, 
of which V is the product, 

660, Definition. The process described above for 
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finding a set of positiv prime factors different from 
unity, of which a given composit positiv integer is the] 
product, is calld resolution into prime factors. 

In thb sense we cannot properly speak of resolvii^^ 
a prime positiv integer into prime factors. We may, I 
however, regard it as already resolvd. 

561. Definition. A comnion factor of two a 
integers in an integer that is a factor of each of thenn. 

Thus 3 is a common factor of 6 and g ; 5 is a com- 
mon factor of 5 and f • 

552. Theorem. TAe number of positiv common foe 
tors of two or more integers, of which at least one is » 
zero, is not greater tfian the numerical value of tJu 
numerically smallest of those whiah ar not sero Q). 

Let the number of positiv common factors be n and' 
let a be the numerically smallest of the integers which^J 
ar not zero. 

Then, since the n positiv common factors ar factors 
of",«>|«l. 

563. Theorem. Thus the number of positiv commoti 
factors of two or more integers, of -which at least one % 
not sero, is limited. 

564. Theorem. 77.!^ number of positiv common fac 
tors of two or more sero integers is unlimited. 

555. Definition. An integer a is prime (*) relatiT^] 
to, or simply prime to, an integer ^, when a and p hav ■ 
no positiv common factor except unity, 

(') See Tannery, p. 112. 
(=)SeeChrj-slal, p. 38. 
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Thus 4 and 9 a 


X prime to each other. 


The statement 


"« is prime to/9" maybe written 


«Ii/3; 


the statement " a is not prime to ^ " may be 


written 


"1£,3. 




686. 


Theorem. 


No integer except positiv and negativ 


tittily ii 


■ prime to itself. 


557. 


Theorem. 


//ail^,t/iefiiiU_u. 


658. 


Theorem. 


If a ^^, then ^ Ka. 


659. 


Theorem. 


Ifa = ^andfi\]_r, t/teii a \ir- 


560. 


Theorem. 


Ifallji and^ = r, t/ien a Hy. 


661. 


Theorem. 


/f aU.^, then oJl^, «J1,^, and 


5iL,5. 






For 


a has the same factors as «, and ,9 as J5. 


562. 


Theorem. 


«Iii. 


663. 


Theorem. 


77(1? only positiv integer to which zero 


is prime is unity. 




664. 


Theorem. 


Any two different prime positiv in- 


tcgers - 


ir prime to each other. 


565. 


Theorem. 


If a\]_^, e^^ery factor of a is prime 


to Every factor of /9 ('). 


For, 


if these factors had a positiv common factor 


other than unity, 


a and j5 would hav this factor also. 


666. 


Theorem. 


Ifa:^liwher\^\ ^ ijkenaKfi. 


For, 


if«>^, 


wher 1^14= I. « and fi hav a pos- 


itiv common factor, | ^ |, different from unity. 


ThetforaH?. 




667. 


Theorem. 


Ifa\l^,wher\^\^ l,thena-:^^. 


This follows immediately from the preceding. 


O&e Tannery, p. 


117. 
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668. Theorem. If "■ ^i?, wher ^ is prime, tlu-n j 

By the hypothesis ^ ^ o. 
For zero is a composil integer. 
Moreover |/5| + i- 
For every integer is prime to unity. 
Now, since « J£ ^, « and y? must hav some positiv I 
common factor besides unity. 

But the only positiv factors of ^ ar i and | ,9 |. 

Hence ] ;9 | < a. 

Therfor « > /3. 

569. Theorem, If a"^ ^, wker /9 is prime, then i 

670. Theorem. If | a ] > ( j9 1, wker a is prime and \ 
j9 =f o, then « Ji ^. 

Since a is prime, the only positiv factors it has ar I 
\a.\ and i. 

Moreover, no positiv common factor of a and /9 can -J 
be numerically greater than /9. 

Hence unity is the only positiv common factor of a 
and (9. I 

Therfor «_lly9. 

671, Theorem. If a= <pp + ;-, any common factor 
of ^ and X is a common factor of a and j9, and con- 
versely ('), 

The direct theorem is proved easily from § 480. 
The converse follows from § 481, since, if «= y;^ + j-, 1 

(1) See Tannery, p. 112; Chrystal, p, 39. 
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CHAPTER Vlir. 

GREATEST COMMON FACTOR. 

572, Definition. We hav seen that the number of 
positiv common factors of two or more integers, of 
which at least one is not zero, is hniited (§ 553}. 
Among these factors ther is one, and only one, which 
is greater than all the others (| 199). This is calld 
their greatest common factor('). 

It may be found by dividing each of the other in- 
tegers by the factors of the numerically smallest of 
those which ar not zero. 

Thus the greatest common factor of 8 and IS is 4. 

Two or more zero integers hav every positiv integer 
as a common factor and hence hav no greatest com- 
mon factor. 

We will denote the greatest common factor of two 
integers « and ji, which ar not both zero, by the 
symbol a^^, which may be read " a kor /3." 

The symbol «@^ will, then, be univalent, if a and 
;9 ar not both zero. The symbol o @ o, however, 
will be meaningless. 

TJie integers a and ;? may be calld the elements of 
the greatest common factor «@/9. 

(') See Tannery, p, 112, 





673. Operation of Finding Greatest Common Factor. 

In § 572 a method for finding the greatest common 
factor of two or more integers, which ar not both zero, 
was explaind. The greatest common factor « @ ,3 is 
thcrfor found by an operation. 

S74. Theorem. tt@/9= ,5@«, provided a and j3 
ar not both zero. 

This follows immediately from SS 5S3, I99, 170- 

Tliis theorem is the CommatatiT Law for Findi 
Greatest Common Factor. 

675. Theorem. ^a> /9, a® j9= | ^ | {'}. 

For the greatest positiv factor of j3 is | ^ [. 

And, since a > ;9, ] ;3 | is also a factor of a. 

Therfor | /J | is the greatest common factor of « and ^ J 

576. Theorem, a @ a = | a |, provided a 4= o. 

For then a > a. 

877. Theorem. «(x 

678. Theorem. o(g 

579. Theorem. If 
verscly. 

680. Theorem. 

(-«)®/? = «@(-i3)=(-«)®{-,?) = «@^, 
proi'ided « and ^ ar not both scro. 

681. Theorem. If\r\ " '""'0'. '^®T = i^®r- 
For then both «@)- and j9@;- ar unity, 

682. Theorem. If \r\ts unity, r@ « = r® (5- 

583. Theorem. If a = ^, « ® ^ = (^ ® 3". prnnded \ 
^ and X tir not both zero. 



§442.1 



« = I a |, provided a ^ o. 

"li/9, a@;9= I, and con-\ 



(') See J. A. Sertel, "Traitd d'Arithmclique," , 
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For, if « and /J ar equal, they ar the same integer. 
Hence they hav the same greatest common factor 
with J-. 

684. Theorem. .^ a = /?, r ® « = r ® /'. provided 
(9 and y ar 7iot both zero, 

685. Theorem. Jfa = ^andx-=8, <j.%y= ^®^, 
pro^'ided (i and y ar not both zero. 

586. Theorem. Ifa = f^-\-y. then « ® ;? = (3 @ y, 
prm'ided a and p ar not both zero ('). 

For a @ j3 is a common factor of j? and y 
and j3(gj-is a common factor of « and /3. § 571. 

Hence, if "®i5> ^@r, /5@^ would not be the 
greatest common factor of /9 and y. 

And, if «@,9 </9@7-, n@^ would not be the 
greatest common factor of u and /?. 

Therfor " @ /' = /9 @ ;-. 

687. Theorem, ^a = ^/9 -|- 7- atid a JJ_ ^9, then ,i JJ_ T, 
and conversely. 

688. Theorem, i -f «/9 is prime to a and /?. 
For a and /9 are prime to i, 

689. Theorem, i + n^y ■ ■ -is prime to a, j9, y, ■ ■ • 
590. Theorem, I/m'ing- gi-ven any number of prime 

positiv integers, all different from unity, another can be 
found. 

For, let a, /9, )-,■■■, K be any series of prime positiv 
integers, all different from unity, 
and let I = a[-ly ■ ■ - « + i . 

(I) See Le Besgue, p. 32; Chiystal, p. 39. 
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ivisible by any of 'm^^ 



Then X > i and X is not divisible by any c 
integers a, ^,r, ■■■,"■ I5 589, 567. 

Now i. is either prime or composii:. 

If X is prime, the theorem is proved. For, since X 
b not divisible by any of the integers a, ^,j, ■■ ., k, it 
cannot equal any of them. § 447. 

If A is composit, resolv it into positiv prime fac- 
tors, g 549. 

These factors must all be different from the inte- 
gers «, ^,7", ■ • -, K, since k is not divisible by any of 
these integers. 

Therfor another prime posidv integer, different from 
unity, can be found. 

691. Theorem. The number of prime positw integers 
is inji/iit i^). 

592. Theorem. Having given any prime positiv inte- 
ger, a greater prime positiv integer can be found. 

Let K be any prime positiv integer. 

From the natural series of numbers 2, 3, 4, ■ ■ -, k 
pick out the prime integers. Let these be a, ^, 

r- ■ ■ ■- «■ 

Then, by § 590, having given the series of prime 
positiv integers a, /?, j-, ■ ■ -, *c, all different from unity, 
another can be found. 

But this other cannot be less than «, since all the 
prime positiv integers different from unity and less 
than K ar included in the series a, ^,7-, ■ ■ -, k. 

(i)Sce Euclid'5 Elements, Bk. IX, Prop, ao ; Chryslal, p. 47; 
Tannery, p. 127. 
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Therfor this other prime positiv integer is greater 

than K. 

This theorem is equivalent to the statement that 
tAer is no greatest prime positiv integer. 

693. Theorem. Hmring given two integers a and ^, 
•wher ^ ^ o ; if we divide a by ^, calling the remainder 
/3, ,■ tken, ifpj + o, divide ^ by fi^, calling the remainder 
p^ ; tken, if p^ + o, divide p^ by p^ calling the remainder 
|0j ; and so on ; that is, if we divide each remainder by 
the succeeding remainder, provided that succeeding re- 
mainder is not zero ; we must finally come to a zero 
remainder. 

For, by § 5 19, I /9 1 > I />, I > I />, I > I />J > ■ . ■ 

Hence the remainders continually decrease in 
numerical value and ar all numerically less than ;9. 

The number of remainders cannot, then, be greater 
than the number of integers in the series |^|— i, 
]j91-2.]^|-3,---,3,2, i.o,whichis[/91. 

We must, therfor, at least as early as in the [ (9 |'th 
division, find the remainder zero. 

694. Theorem. Having given two integers a and /9, 
wh^r j9 + o ; tfwe divide a by fi, calling the remaitider 
jO, ; then ^ by p„ calling t/ie remainder p^ ; then p„ by 
p^ c^ing the remainder p^ ,■ and so on, until we come 
to the zero remainder; the greatest common factor of a 
and ^ is the numerical value of the divisor that givs the 
zero remainder. 

Call the zero remainder p^, set a = p_^, ^ = p^, 
and call the successiv quotients ^^, <p.^, ip^ ■■ ■ , f^. 



^ 



From the series of divisions we get the series I 
equalities a = tpji + />^, or ^»_, = Pi />i, + /',, 
? - W, + P.. P. - ft ft + P,. 

ft - W. + /V ft - ft ft + ft. 




§586. 

§584. 

SS78. 

fac- 



P.-, - W.-i + ft. 
Hence «®(9 = ,9(3p, = ,.,(3p, = f,( 
-P.~,®P.-,-/'.-,®l'. 
- ft-i ® o 
-1ft-. I- 
This method for finding the gi-eatest 
tor of two integers is calld the Algoritlim of Euclid ('), 

695. Theorem. .^aJJ.;?, ||0^ |]= i, and conversely. 

596, As the greatest common factor of two integers 
is an integer, we may combine it with other integers 
by any of the signs +, — , x, :, ®, provided that 
the first element of every quotient is divisible by the 
second, and that of two integers connected by the 
sign @ not both ar zero. We wiU use parentheses 
to indicate the order in which the various operations 
ar performd. 

Every such expression is univalent. For every 
sum, difference, product, quotient, and greatest com-- 
mon factor is univalent. 



I 

to 



(1)See Euclid, Bk. ' 
113; Diricblet-Dedekim 



LlUlll, tUlU glCillCSI, com-' I 

; Chrystal, p. 39; Tannery, S^^| 
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697. Theorem. If for one or more elements of a 
complex expression winch contains integers connected by 
auy or all of the signs +, — , x , :, @, and in which 
the first element of every quotient is divisible by the 
second and of two integers connected by the sign @ not 
both ar zero, equal integers ar substituted, the complex 
expression is unchanged. 

69B. Theorem. 

Ifa^oandfi^ O, («/9) @ (ay) = ] « |(j9 ® r) (')■ 

To obtain ^@;- we proceed by the algorithm of 
Euclid, obtaining the remainders p^, p^, p,, ■ ■■ , p^_j, 
/',-!• /'»■ § 594- 

Then /•„ = o and ;3 ® r = 1 ^Vi |- 

To obtain (a;3) ® (af) we proceed in the same way. 

But by § 534 a possible series of remainders will be 
'^Pv '^Pv "/"a. ■ ■ ■ . «/',-!' «."— 1- «/'»■ 

And, since p^ = o, ap^ = o, 

Therfor {„;3) ® („r) - |«f ._, 1 - 1 <■ 1 1 /.._,! 

= [«l(/3®r). 

This theorem is the Left-handed Distribativ Law for 
Multiplication and the Operation of Finding Greatest 
Common Factor. 

699. Theorem. 

/f^ + o^ndr^o, (ar) ® iftr) = (« ® /5) | r !■ 

This tiieorem is the Right-handed Distributiv law 
for Multiplication and the Operation of Finding Greatest 
Common Factor. 

(') Sep Tannery, p. .16. 
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600. The preceding two theorems ar frequently of 1 
help in obtaining the greatest common factor of two I 
given integers. Any common factor that is known to i 
exist may be removed and the greatest common I 
factor of the remaining numbers found. If this great- I 
est common factor be multiplied by the numerical j 
value of the factor that was removed, the productJ 
will be the required greatest common factor. 

601. Theorem. If a^o, /5 4= o, and fi\^y, then\ 
(aj9) ® («r) = I « I ; 'ind conversely, if{a^) ® («r) = | « |,| 
theff^Xlr- 

For the direct theorem, since ^ J_J_ X, ^@T ^ ^ 
Hence(«(3)®(«r)-hlx I-l-l- § S98. | 

For the converse theorem, 
wehav (o/9)(g(«r) = |«|09®r)- § 593. ! 

But by the hypothesis (a/5)@(«;') = | a]. 
Hence |o[(/3(gr)-|<'|antl/'®r-I- 
Therfor /JlLr- 

602. Theorea.- If "^>y and /9 > r, wher ^ 4= o,l 

//,™<.®/!>r««</(«®/S):|r| = («:r)®(|3:r)(')-| 
We hav a=- ifj- and ;9 = ^y, wher ;^ + o. 

Hence « ® /9 _ (yr) ® (Zr) = {?. ® )r) 1 r 1- 

«S8S. 599-] 
Therfor «@i^>J- 
and («®ffl:|rl-f®;t-(«;rt®tf :r). 

This theorem is the Distrihntiv Law for Divisiiin \ 
and the Operation of Tinding; Greatest Common Factor 

(') See Ij; Besgue, p. 32. 
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603. Theorem. If ;3 =f= o ; tlun, if | (? ] = « ® ,3, 
a > ^, (9 > ^, and a\d ]X^:9 ; and com'ersely, if 
ay^ 8, ^ ::^ 0, and a : 6 il^ : d, then \d\ = a@^. 

For the direct theorem, 

{«:5)®(^:tf) = («®/3):|5|=i. §602, 
Hence a: 8 ^1^3 : 6. 
For the converse theorem reverse the steps, 

604. This theorem is equivalent to the follow- 
ing : 

XheoTem. Jf a and ^ or two integers, wkick ar not 
both zero ; then, if k is their greatest common factor, 
ther exist two integers j- and 3, prime to each other, such 
that a ^ jK and ^ = 5k ; and conversely, if a ^jKand 
^ = Bk, wher y and 8 ar prime to each other and k is 
positiv and 3 not zero, then k is the greatest common fac- 
tor of a and ^. 

605. Theorem. The common factors of two integers, 
which ar not both zero, ar the same as tJie factors of 
their greatest common factor. 

For, by §§ 572, 460, every factor of the greatest 
common factor is a factor of each of the given in- 
tegers. 

And, by § 602, every common factor of the two 
given integers is a factor of their greatest common 
factor. 

Hence the two groups of factors, first, the common 
factors of the two integers and, second, the factors of 
their greatest common factor, ar the same. 
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606. Theorem. Tlu integers a and /9, wher ^ s^ o, 
and all the remainders obtaind in finding their greatest 
common factor by tlu algorithm of Euclid can be exprest 
in thefonn Xa + fj^ Q). 

We hav p_, = <p^^ + p^, 

Po = 92pi +Pv 
Pi = 9sP2 + Pv 



Pn-2 = 9nPn-l + Pn* 

wher p^ is the last remainder, the zero remainder. 

§ 594. 

Now a = I .a — 0./3, 

or />_j = X_^a + P-^J^i wher X_^ = i and //_j = — o. 

Again /? = — o.a + I. A o^ Pq = V + t^^^ 
wher ^.Q = — o and p^=^ i. 

Thus the first two of the numbers a, ^, /)j, ^o^, ^g, . . .^ 
^^ hav been exprest in the desired form. 

Suppose we hav proved that two successiv p's, p^__^ 
and />^_i, wher m— 2^— i and m— i ^/^ — i, that 
is, wher o <;;/<;/ + i, can be written in the form 
Xa + /i/3, so that p^_^ = X^_^a + //^.^^g 
and />^_i = X^_^a + //^_j/9. 

Then, since />,„=- S^ J>,„_i + />,,_2» 

by substituting in this equality the values of p^^^ and 
Pm-1 taken from the preceding two equalities, we get 

(1) See Chrystal, p. 44. 
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P.-- flK-i" + f.-J') + C.,-!" + i'.-fi 
= (- f A-, + ^. J» + (- f.J'.-, + i'.-,V 

->:■' + f J. 
wher }.^^ = — ipj'^_y + ^„_j 

^^ /'« = — fj^^^i + /'.n-I- 

Thus we hav proved that, if two successiv remain- 
ders jo^_j and |0^_, can be written in the form Xa + /i^J, 
the next remainder p^ can also be written in this form. 

But we know that (>_^ and p^^ can be written in the 
form la + p^. Hence p^ can be written in this form. 
Again, since p^ and p^ can be written in this form. /'^ 
can be. And so on. That is, all the p's can be written 
in this form. Therfor p^ = Xfi + /(,/9, wher ( may hav 
any value from — i to k. 

The formulas X^= — |p„i■^^^ -\- X^_^ 

show how, having given X_j, X^ and /'_,, p^^ and the series 
of ^'s, the remaining X's and p's can be calculated. 

Thus :li = — ^,^ -I- J_,, ft = — ^i/^u + /^_i, 
J, = -- ^^, + X^. p^ - - ir^(, + p^. 

It will be noticed that the formulas by which X^ and 
p^ ar calculated from ^„_[, -l„_j and //„_i, p^-^ respec- 
tivly ar similar to that by which p^ is obtaind from 

Pvi-l ^^^ t'a-2- 

607. Definition. The method of proof just used to 
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show that /I, can be written in the form X^a + /tj3 for 
all possible values of ( is calld the Method of Mathe- 
matical Indtictioii. 

According to this method wc prove that if a certain 
rule, in whose statement ther appears an integer if 
holds for a particular value of ly, or for some specified 
number of successiv pardcular values, then it holds 
for the next value. 

Then we show that it does hold for a particular 
value of ly, or for the specified number of successiv 
particular values. 

Hence it holds for the next value and theifor for all 
values that yj can take, starting with and succeeding 
some particular value. 

This result may be stated in the form of a theorem 
as follows : 

Theorem. Law of Hathematioal Inductioii. Jf a 
certain statement, in which an integer tj is involvd, 
holds for a particular value of tj or for some speci- 
fied number of successiv particular values, and, if it 
is proved that, if the statement is true for a particular 
value of -^ or for the specified number of successiv par- 
ticular values, it holds for the next value, then the state- 
ment is true for all values that vj can take, starting with 
and succeeding some particular value. 

This is so, because every integer has its place in 
the natural series of integers. 

608, By the method of g 606 we can calculate as 
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many values as we please of the 
of the tp's, up to X^ and /i__. 
Thus we hav 

■*,= + !. 1^1= -9i. 

^3 = + (F3i^2 +1). /'a = - (¥'3^2?'l + ^i + f ,), 




It will be noticed that the signs with which the 
values of the .i's and /i's begin ar alternately plus and 
minus and that each >i has the opposit sign to the cor- 
responding ft. This rule holds for all the ^'s and fi's 

For, since X^= — V^^„_i + ^„_2, if ^^„_2 ^^^ ^^^ P''^^ 
sign and X^_^ the minus sign, ^„, will hav the plus sign 
(§ 326). And if ^„_^ has the minus sign and A_^_j the 
plus sign, i^ will hav the minus sign. 

Hence, since X_^ has the plus sign and X^ the minus 
sign, ^, has the plus sign ; since f.^ has the minus sign 
and Xj the plus sign, X^ has the minus sign ; and so on. 

Similarly for the /i's. 

Also, since ^_, has the opposit sign to fi_^, and the 
signs of the ^'s and /i's alternate as we go down the 
series, the signs of the corresponding X's and fi's will 
continue to be opposit. 

609. Theorem. // X^_^, /, aW /<,_,, /i^ ar any pair 
of successiv X's and the corresponding /i's in the series 
K' \' \< ' "t K ^^'^ /*!' /'j' ft' ■ ■ ■' /'b' S''^'^^ '« § 606, 
t]ienX^_^i^ —Xjt^_^ = ± 1, according as t is even or odd. 
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Set T^ = ^,-if^, — ^tf^t-v wher — i < ^ < « + i. 
Then r^ = X_^fi^ - X^_^ 

= I X I — o X 0= I. 
Now we hav ^^ = — f,X^_i + X^_^ 

and /^, = - f ,/^,_i + /^,-2, 

which equalities hold when o <^c <in + i. 

By multiplying the second of these equalities by 
X^_^ and the first by /i^_j, and subtracting, we get 

or T^ = — r^_j, which holds if o < ^ < ;« + i. 

In this equality replacing e by ^— i, we get 
T^_j = — r^_2> which holds if o<ie — i<in+ i, or 
I <^ <«+ 2. 

Hence r^ = t^_^, or r^_2 = r^, which holds when 
both o < r < ;/ + I and i < r < « + 2, that is, when 
I <ie <^n+ I. 

In the latter equality giving e the values 2, 4, 6, . . . 
in succession, we see that 7^^ = 72 = 7^=7^=... 

Giving c the values 3, 5, 7, • • • in succession, we 
get 7, = 73 = 7, = 7y = . . . 

Now 7(j= I. Hence 7^=1, whenever ^ is an 
even number greater than — i and less than n + i. 

Also, since 7^ = — 7^_j, when o < ^ < /^ + i, 

Hence 7^ = — i, whenever c is an odd number 
greater than — i and less than n + i. 

610. Theorem. Jf a and /9 ar two integers^ wfUck or 
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tiot both sero, fwo integers f. and [t can be found, sjich 
tkatXa + {^=a @-/9. 

Wehav a®;9 = |/'_i|. 
And j)^^^ = ;„_;« + n^_^^. 

Hence 

I />„_, I = ± (^„_,« + /^„_,j5) = ± ;_,« ± ;.^_,/3, 
the upper or the lower sign being used according as 
p^_^ is positiv or negativ. 

If, then, fl^_^ is positiv, 
we hav ;„_,« + /(„_^ = « @ (9. 

If |0^_, is negativ, 

-^.-,»-/'.-,(9-»®/5. 

In the first case setting ^„_j, it^__^ respectivly equal 
to I, ft and in the second case setting X^_^, ^,^_, equal 
to — li, — [i, we hav for each case Xa -)- jMj9 = a@^. 

611. Theorem. If a and ^ ar two integers prime to 
each other, two integers i. and ft can be found, suck 
that Xa + fi^ = I . 

According to the hypothesis a and ^ cannot both 
be zero, because zero is not prime to itself, § 556. 

Hence this theorem follows from the previous one 
and § 579- 

612. Theorem, /f a + ^3 = 1 , then a Jl ;3. 

For, since a + ^ = i, any common factor of a and 
;9 is a factor of I. §478. 

613. Theorem. j/fa-\-p= i and y and d ar factors 
of a and ^ respectively, r \\ ^- 

This follows easily from the preceding theorem and 
§460- 
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614. Theorem. If )m + jt^ — i, each of the integers- 
X^ais prime to each of the integers 'ft, j3. 

This follows from the preceding theorem, since 
?.>!. > a, /t^ > [i. etc. 

615. Theorem. In the series X_^, X^, ^,, ■ ■ ■, ^, and 
f-i, ft,, I'v ■ ■ ■' /'■' ^^c" '« § '^'"5. ^^^ ^ ^ prime to 
tite succeeding X, each /i to the succeeding fi, and each X 
to the corresponding ji. 

This follows easily from the preceding theorem and 
§609. 

616. Theorem. IfXa + /i^i = a@li, then XHft. 
We hav a^yie and /? —^k, wher k ^ a ^ j3. § € 
Hence ^j-* + /iSk = « . 
Hence Xy -\- fxS = i. 

Therfor ■'li/'- §614. 

This theorem might be stated. In whatever way 

a(^^ is exprest in tite form Xa + /i^, X and ft ar prime 
to tack other. 

617. The most important particular case of the 
preceding investigation, §g 593-611, is the case when 
« and j9 ar positiv. Let us consider this case. 

Suppose a>^and that the quotients tp^, f,^ 
ar all lower approximate quotients, except f^, which 
is exact, so that the remainders (i^, f^, ■■■,/'„ ar all 
positiv, except /!„, which is zero. 

Then the greatest common factor of a and /? ig. 
f'„-\y which is unity, if a and /9 ar prime to each other. 

The quotients f^, f^, ■ ■ -, ^, ar all positiv. § 526.. 

Hence the values of X^, X^, ■ .., X^ (§ 608) ar alter- 



and ^^ 
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natcly positiv and negativ, the positiv values corre- 
sponding to odd subscripts. 

The values of ft^, //^, ■ ■ ■, n^ ar also alternately 
positiv and negativ, the positiv values corresponding 
to even subscripts. 

Of any k and the corresponding /i, one is positiv 
and the other negativ. 

Let us now put ).^, X^, f.^ ■ ■ ■ respectivly equal to 

"l' ''S' "S' ■ ■ ■ > ^l> ^1' ^6' " ' ^<l"3l to — Vj, — Vj, — 1/|., 

■■■;;'„ ft- /'s. ■■■ eq"3i to -f^, -f^, -f^, ...; f,,^, 

ft^, fi^, ■■■ equal to fj, f,, $^, ■ ■ ■ 

Then all the v's and ;'s will be positiv and we will 
hav 



1 



l-l 


= I, 






=■1 = fj. 


"2 


p, 
ft 
ft 


+ I 
- V 




f. - CM, + y, + f ,. 




!, 




f^ 


= ± 


".,«-? 


A according as 



m is odd or even. 

Also j-^ = ?'»''™-i 4- ''^■^s, 

f„ = ^„f„_i + f„_2' '*' '" > ^■ 

For, if m is odd, the formula A^= — f^X^_^ + X^^ 
givs ./^^ = ( - p__^X - ''„-i) + ^„-v 

If ?« is even, the same formula givs 
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the same as in the other case. 

Similarly the formula for f^ is proved. 

We can now obtain from the theorems of § § 
609-611 the following theorems for this particulai 
case, 

618. Theorem. If a and ^ or positiv integers and 
a > /?, all the remainders obtaind in finding their 
greatest common factor by the algorithm of Euclid can 
be exprestin the form =t (na — f^), wherv and ^ or pos- 
itiv integers, the upper sign being used for the odd re- _ 
mainders, the lower for the even remainders. 

619. Theorem. If f^.,, m^ and f^_j, f^ ar any pa 
of successiv v's and tJie corresponding f 'j hi the seritii 
V,. V,, ...,.-, and f„ f ,, . . ., f„ v„.,f„ - ^>J^_^ = 
according as m is even or odd. 

For, if >« is even, the equality i^_j/<^— A__^/_^_,=^ + ll 
givs j.^_,f^ - (- vX- f„-,) = + I, 

Similarly the other case is proved, 

620. Theorem. In the series i-,, v,, . . ., v^ and f ,, f J 

■ ••,^„ each 1/ is prime to the succeeding v, each f to the' 
succeeding f, and each v to the corresponding f. 

621. Theorem. If a and ^ ar positiv integers, two 
positiv integers -u and f can be found, such that i 



k 



{')See Le Besgue, p. 37; Chryslal, p. 45. 
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622. Theorem, If a and j? ar positiv integers pt 
to each other, two positiv integers v and ? can be found, 
such that ua — f ;? = ± 1 . 

623. We will now leave this particular case and 
continue the general investigation. 

Theorem. //" S« > j9, it/Af r uJl (9, 2'/ir«i9> /3('). 
Since «J_L/5, we can find / and ;i, such that 

I =;«+/y/9. § 6ii. 

Multiplying by I?, tf = Wa + /ji^^S. 
Since tfa>^, fl« = ^ /3. 
Substituting if^ for Ba in the preceding equality, 

Therfor ^ > ^. 

624. Theorem. If aJJ_j3, any common factor of da 
and J? must be a factor of d C). 

626. Theorem. If 6 \\_^,{ad)@^= a@p, provided 
a and ^ ar not both zero {*), 

For a @ ^ is a common factor of «i? and ^9. § 460. 

And (aS) @.^ is a common factor of a and /?. § 624. 

Hence, if («l?)@^> a@j3, a®^ would not be 
the greatest common factor of a and (3, 

And, if («i9) ® ;9 < « @ /9, (aff) @ /3 would not be 
the greatest common factor of ad and ;3, 

Therfor (a5)®^ = a® /3. 

(')See Chrystal, p. 4I; Tannery, p. Iig; Lucas, p, 339. This 
theorem was known Id Euclid. 

(<)Sec Dirichlet-Dedekiod, p. 8. 
(') See Tmrnery, p, 118, 
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I. Theorem. // a>ff a>id /?_[1^, f^^ 
(a : 0) j9 = a@ i3, promded « and ^ ar not both zero. 
Since « >■ S, « = ^0. 

Hence «®^=(^^)@,? §583. 

= P®/5 §625. 

= {«:^@;^. §583. 

627, Theorem, (o^) @ ;- w divisible by ^@x- 
For we hav /3 = Sk and 7- = ek, wher « = ^ @ T". 

§ 604. 
Hence {a?) @ r = («'5«) ® {^<) = [(«^) ® €] «• 

§ 599- 
Therfor (a/?) @ r > *=■ § 409. 

Or («/5)@r>^®r- 

628. Theorem. ^ i' > ^a and v > 5(9, 

and |v|:|/?«^| = (.:(H)®{i>:m); 

(7«£/ conversely, if V^ da^, then >>#«,>> ^/3, «««', 

f IH : |5aj9| = (v : ((*«))®(. : {ff;5)), ^A.« «li^. 

For the direct theorem, 
we hav v = fOa and u = ^6^. 

Hence fda = ;|;^^. 

Hence J'« = Z^. §339- 

That is, fa > ^, 

Hence, since a J_L^, f > /3. § 623. 

That is. If = /;9. 

Hence v = ;i?«;9. 

Therfor i^ > 5«;9 and v : (Oa^) = X, u : {da) = X^^ 
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(":(»■')) ® (": TO) -(«®M 

-|;.| SIX) 

Therfor I « I : I »«,? I _ (. : (fc)) (g (. T (Sfl). 

For the converse theorem reverse the steps of the 
latter part of the proof. 

629. Theorem. Ifv:^a and V> ^, -vaher v ^o and 
a\y^,thenv-,a^and\v\:\a^\ = {.:a)%iy:fi)- 
and conversely, if u > a^, then v > a, i; > ^, and. 

This theorem is a particular case of the preceding 
theorem, the case when d = i. 

The theorem of § 579 is a particular case of this 
theorem, the case when u = a^. 

630. Theorem. If v > a attd p > ^, 'wher 



19; ■ 



V =1= 0, tlun u > {«(?) : 


(«®fl »»rf 


M:{\afi\:{a®P))=i.:a)®(. 


:«. 




We hav a = ity and j3 = 


«3, 




wher a@^ = « andrlL^- 




§604. 


Since 1/ > « and i- > /J, v > «;- and ^ > x5. g 459. 


Hence v > K^^ 






and|.|:l«r3|-(v:(.r))®(.:( 


««»■ 


§628. 


Moreover aj? = («;-) (k^) = (fr^)* 




§§331,381. 


Therfor a^ > « and (a/9) : k = 


■«r3. 


S4I4. 


Hence | «)-a[- |(«;)) ; « | _ | a,! j 


; K 


§§396, 496. 


_|.^|:(»®,9). 




§459- 


Therfor v > (a/?) : k and 






|.l:{|a,!|:(a®,9))_{.:.)®(» 


:«■ 


SUS9, sss- 
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681. Theorem. If a \]_^ and a Jl ;-, then a\\^^x ; 

and conversely y if ^1L^T> ^^^^ ^IL^ ^^ ^ILT Q)- 

For the direct theorem, since « JJ_ j8, a and j9 can- 
not both be zero. 

Hence, since a]_ly, a@ (^^y) = a0 ^ § 622. 

= 1. § 579. 

Therfor ^il^T- § 579- 

For the converse theorem, 
since a]±^Y, ^®{^t) = i- 

Also a and ^ cannot both be zero. 

For then a and ^if would be zero, which cannot be, 
since a \\ 0r* 

But a @ (^Py) is a multiple of both a @ ^ and a @ T*. 

§627. 

Hence, if either «@j8 or a^'jf were not unity, 
a @ (^^y) would not be unity. 

Therfor both « @ j9 and « @ 7* ar unity. 

Therfor a JJ_ /? and a \\ r. 

632. Theorem. If dis prime to each of two or mare 
integers /9, y, 3, -- ., it is prime to tlieir product ^d — / 
and com'erselj'y if a is prime to the product ^d • • •, then 
it is prime to each of tliose integers (*). 

We hav already proved the theorem for the case of 
two integers. 

Suppose ther ar more than two. 

Then, for the direct theorem, we hav first a J_L ^9^. 

§631. 

(') See Tannery, p. 119. 
(*)See Chrystal, p. 41. 
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Hence, since a J_L /9?- and « Jl (J, « J_[_ (Jfy)8. 

And so on. 

For the converse theorem, since « 1 1 ;9 (T(i ■ ■ ■). 
«JJ.^and«J_L;-5... §631. 

Similarly a can be proved prime to each of the 
other integers. 

633. Theorem. ^ each of ike integers a, fj,Y, .-is 
prime to each of the integers I, ^i, v,---,the product 
a^y ■ •■ is prime to tfie product XfO) ■ ■ ; and conversely, 
if the product a^ ■■■is prime to the product Xfiv ■■■ , (hen 
each of the integers a, ^, t-, ■ ■ ■ is prime to each of the 
integers )■, n, v ■ ■■ {'). 

For the direct theorem, we hav first a _[_[_ liiv ■ ■ • 

§632. 

Similarly j9 _L|_ X/2V ■ ■ ■ 
And so on, 

Therfor«/9r---Ji;.//v... §632. 

For the converse theorem, since a^y ■ ■ ■ XL ^f^ ' ' 
we hav a J_L X/iu ■■■ , i^ ]± Xfiu ■■■, ?- _LL ^f^" ■■■ • ■■■ 

§632. 
Since aJi;//v..., «1L;, «JJ.ft aJlv,... 
Similarly ^, j-, ■ ■ . ar prime to )., ji, v,- ■ ■ 

634. Theorem. Ifa\]_^, the product of any number 
of a's is prime to the product of any number of ^'s ; and 
conversely, f the product of a number of a's is prime to 
the product of a number of ^s, then a [ | ^. 

This theorem is a particular case of the precedin: 




OSeeDirichlet-Dedekind, p. 9. 
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theorem, the case when «, ^, 7*, • • • ar the same int^er 
and )s, fly V, . . . ar also the same. 

686. Theorem. If tfie prodtut a^y »-» of two or more 
integers is diznsible by a prime integer ^, one of the fac- 
tors a, ^yYy --- must be divisible by X (^). 

For, if none of the factors were divisible by ^, then 
X 4= I 2i^<^ these factors would all be prime to X. 

§§443, 569. 

Hence the product a^y . • • would be prime to X. 

§§ 557, 632. 

Therfor this product would not be divisible by X 
(§ 567), which contradicts the hypothesis. 

686. Theorem. If the prodtuts of two sets of prime 
positiv integers^ no one of which is unity ^ ar equals tfie 
two sets ar the same, except that the factors may be dif- 
ferently arranged in the two sets. 

Let a, ^y fy * " and A, //, v, . . . be the two sets. 

Then, since a^y . . . = X[jlu • . . and X[iv • • . is divisible 
by X (§§ 381, 453), a/?/- . . . is divisible hy X, § 458. 

Hence one of the integers «, ^9, 7*, • • • , say a, is 
divisible by ^. § 635. 

But a and X ar primes and X ^ i. 

Hence « = ^.. § 540. 

Therfor jS/' .. .= //v . . • §§381,341. 

Similarly ^ = f^- 

And so forth. 

Now ther must be the same number of integers in 
the two sets. 



(^) See Tannery, p. 131. 
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For, suppose tlicr were not the same n 
By appl3ang the above method .we ' 
come to an equaUty of the form 



20I ^H 

H 



By the s 



= par ■ ■; or ^. I = pa: 
■ method as befor, wi 



would now get 



Hence i would be divisible by a, an integer greater 
than I, which is impossible. 

Therfor the numbers of integers in the two sets 
must be the same, and the sets ar identical, except 
possibly for the order of their factors. 

This theorem is usually briefly stated : 

A positiv integer can be resolvd into positiv prime 
factors in only one ■way^'). 

637. The representation of numbers by products 
of prime factors is a very useful artifice in many pi'ob- 
leras. Various operations ar renderd easier by this 
means and many properties of numbers ar made more 
evident {^). 

We will giv a few illustrations, 

638. Theorem. If two or more positiv integers ar re- 
solvd into prime factors, tlieir product, resolvd into 
prime factors, will contain every distinct prime factor 
that is in eit/ier of tlte given numbers ; if any prime fac- 
tor occurs in only one of the given numbers, it -will oc- 

(i)See K. F. Gauss, " Diaqnisitiooea Arilhmetice," 1801, p. 9; 
Qirystal, p. 44; Tannery, p. 132. 
(') See Tannery, p. 134. 
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cur the same number of times as a factor in the prod- 
uct; if any prime factor occurs in two or more of the 
given 7tumberSy the number of times it will occur as a 
factor in the product will be the sum of the numbers of 
times that it occurs as a factor in these numbers Q\ 
Let the given positiv integers be Vp v^, V3, . . • 
When resolvd into prime factors suppose 
Vy=(aaa - -- a^ times)(^/9j8 • • • b^times)(juj • • • retimes)- • • 
1^2= (aaa -- -a^ times)(^888 • . . d^times) • • •, 
u^=(aaa - - a^ times)(777 • • • ^3 times) • • •, 

The product of the given integers may then be 
written : 

(aaa - --a^ times)(/3/3/3 • • . 3^ times)(777 • • • ^1 times) • • . 
X {aaa - - - a^ times)(88d -- d^ times) • • • 
X {aaa - • - a^ times)(;7;' * • * ^3 times) . • • 

X § 384- 

Since all the factors here written ar prime, this ex- 
pression is the same as the expression for the product 
of the given numbers when it is resolvd into prime 
factors. § 636. 

From its form it is evident that this expression con- 
stains every distinct prime factor that is in either of 
the given numbers. 

Also that any prime factor, as 8, which occurs in 
only one of the given numbers occurs the same num- 
ber of times as a factor in the product. 



(1) See Tannery, p. 134. 
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And that the number of times that any prime 
which is common to two or more of the given numbi 
as a, occurs in the product is the sum of the numbers 
of times that it occurs in those numbers. § 37. 

639. A convenient way of arranging the factors of 
the product given in the last article is to place together 
those that ar alike. We will then hav 

"iVa ■ ■ ■ = (««« ■■■(«, + «j + s) times) 
X 09^,9 ---b^ times) (^77 ■ ■ ■ (c, + rj times) 
X {ddS ■ . ■ rfj times) ■ ■ ■ 

640. Theorem. Jf two positiv integers a and ^ be 
resolvd into prime factors, then, if a"^ ji, every prime 
factor tliat occurs in ^ will also occur in a and the num- 
ber of times that it occurs in a will be not less than the 
number of times that it occurs in ^ ; and conversely, if 
every prime factor that occurs in ^ occurs also in a a 
number of times not less than the number of times that 
it occurs in ^, a > ^ ('). 

To prove the direct theorem, we hav a = ^. 

The first part of the theorem is now evident from 
the first part of § 638. 

Next let b be the number of times that any given 
prime factor occurs in ;?. 

If this factor does not also occur in ;-. it will occur 
in the product (ix, or in «, a number of times a, which 
is equal to b, by the second part of § 63S, 

If this factor occurs also in y, say c times, it will 

(1) See Legendre, p. 6 ; Sticltjes, p. la. 
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occur in a a number of times a, which is equal ' 
^ + r, by the third part of § 638. 

In this case a > ^. § 75, t 

Hence in both cases a^b. 

Therfor « < ^. § 129. 1 

For the converse theorem, we may arrange thcJ 
factors of « so that those which ar common to a andf 
/9 shall come at the beginning, each the same number 1 
of times that it occurs in j9. § 381.J 

We then hav a = /3 x other factors. 

Therfor a > /}. 

For example, let a = Sds^CC 
and ^ = S!:^. 

We may then write a = (5^C) i^O = K^^O- 

Hence « > /3. 

641. Theorem. ^ Hsio positiv integers a and ^ beX 
resolvd into prime factors, then, if a'^ ^, the quoti 
a : ji, resolz'd into prime factors, will liav every j 
factor that occurs in a but not in /9 the same number q 
times that it occurs in a ; every prime factor tltat o 
the same number of times in a and (9 will not appear ii 
lite quotient ; and every prime factor tltat occurs in boi 
a and ^ but more times in a than in ^ will occui 
quotient a number of times equal to tlie diffen 
these numbers of times. 

We hav a = ^y and a : ^ = j. 

Since the prime factors of the product ,3^, or a, ai 
obtaind by putting together the prime factors of ^ 
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and J-, all the factors that a has but ^ has not must 
be factors of the quotient 7-. 

Hence the first part of the theorem is evident. 

The second part of the theorem is true, for, if any 
prime factor occurd in both ^ and 7-, it would occur 
in the product u a number of times equal to the sum 
of these numbers {§ 638), that is, the number of times 
it occurd in a would be greater than the number of 
times it occurd in j9. § 75, 

To prove the last part of the theorem, any factor 
that occurs in both a and (9, but more times in a than 
in ;9 must also occur in y. Otherwise it would occur 
the same number of times in a as in (i. § 638. 

If, then, we let the numbers of these times be 
a, b, c respectivly, a = b -\- c. § 638. 

Therfor c ■= a — b. 

Thus, if a = S(tts. ■ ■ -e times) {kkk ■■ -k^ times) 
and ^ = (eee ■ ■ -e times) {kkk ■••k^ times), 

a > (9 and a : ^ = ^{kkic ■■■(>, — k^ times). 

648. We will now study the theory of the greatest 
common factors of series of two or more integers and 
will find the following theorem useful. 

Theorem. The greatest common factor of two or more 
integers, of which at least one is not sero, is the same as 
the greatest common factor of those of the given integers 
which ar not zero. 

For every common factor of the integers which ar 
not zero is also a factor of the zero integers. 

643. In virtue of this theorem, when treating of the 
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greatest common factor of a series of two or moit 
integers, we will suppose that none of them is zero, 

644, Theorem. If a positiv integer k is a c&fnmon 
factor of a series of integers «j, a^, a^, - - - ami eriery 
positiv common factor of a^, u^, a^ ■ ■ ■ is a factor of k, 
then K is the greatest common factor of a^, a^, a^, ■ ■ ■ 

Let ). be any positiv common factor of a^, a^, a^, - • - 

Then by the hypothesis k^ ifl and ^ = k : p, wher 
f is positiv. 

Now, if yi r> I, « : f ■< «, or ^ <; «. § 493. 

That is, of the positiv common factors the one for 
which f = 1 , which is k, is larger than any other. 

Therfbr k is the greatest common factor of 

646. Theorem. Hating given any series of integers 
a,, Hj, «j, ■ ■ -, a^, none of wfiich is zero, if -we find the 
greatest common factor k^ of a^ and Oj, then the greatest 
common factor K^of k^ and u^, then the greatest common 
factor Kj of Kj and a^, and so on, and finely the greatest 
common factor k^_^ of k^_^ and a„ then k^_j is tJte 
greatest common factor of a„ a^, a^, ■ . -, a^^ ('). 

First, to show that «„_, is a common factor of 
«., %, «j, ■ ■ -, «„. 

By hypothesis «, is a common factor of a^ and a^. 

Hence, since k^ is a factor of «„ 
it is a common factor of «j and a^. § 460. 

And by hypothesis a^ is a factor of a^. 

(i)See Chiystal, p. 45; Taonery, p. 115; Le Besgoe, p. ^\ 
Lucas, p. 345, 
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Hence le^ is a common factor of u 

Since k^ is a factor of k^, 
it is a common factor of a^, a^, a^. 

And by hypothesis k^ is a factor of «^. 

Hence k^ is a common factor of a^, «j, a^, «,. 

Similarly «^_j is a common factor of «j, a^, a^, ■ ■ ■, a^. 

Second, every positiv common factor of «,, a^, u.j, 
■ ■; «„ is a factor of k^_j. 

For, let X be any positiv common factor. 

Then, since ?. is a common factor of «, and «j, 
^ is a factor of K^. § 6o3. 

Since X is a common factor of Kj and u^, 
^ is a factor of *j. 

Similarly we can prove that ^ is a factor of le^, 
«„ ■ ■ ■, K^_j. 

Since, then, «^_, is a common factor of «„ a^, a^, ■ ■ -, 
a^ and every positiv common factor of «„ w^, «j, ■ ■ -, 
«^ is a factor of k^_^, k^_^ is the greatest common fac- 
tor of (Zj, «j, Uj, . ■ -, «^. § 644. 

This theorem might be stated : 

Hamng given any series of integers «„ o^, a^, ■ ■ -, «_^, 
none of which is zero, tJteir greatest common factor is 

((h®«.)®«J®---)®", 

646. Theorem. If a, ^, j ar three integers, none of 
which is zero, («@/9)®r = «@05® r)- 

By § 645 the first of these expressions is the great- 
est common factor of a, ^, and ;■. 

So also is the second. 

For«®(|9®r)-&'®r)®''- §S74- 



By § 645 (/9 @ !") @ " is ^lic greatest common fac- 1 
tor of /9, y, and «. 

But this is evidently the same as the greatest com- 
mon factor of a, /9, and y. 

Therfor {« ® fl ® r = « ® (/5 ® r)- 

This theorem is the Aasociativ Law for the Operation J 
of finding Greatest Common Factor. 

The proof given above depends on the commutativ I 
law. But it could easily be proved independently I 
that «@(^®)') 's the greatest common factor of a,M 
^, and y. Then the associativ law would be indeperji-l 
dent of the commutativ law. 

647, As a consequence of these two laws we cfinl 
easily prove the following theorem, which is analogous* 
to the generalized associativ and commutativ law for 
multiplication (§381), and which may be calld the 
Generalized Aesociativ and Commutativ Law for the 
Operation of Finding Greatest Common Factor. 

Theorem. In any cmnplex expression in which inte- \ 
gets, none of which is zero, ar connected by the sign /or ^ 
greatest common factor, with parentheses to indicate tke\ 
order in which the various operations ar performd, the I 
arrangement of the parentheses and the order of the ele~ I 
ments may be changed in any way, the result of the\ 
whole set of operations being the greatest common factor m 
of the series of integers. 

648. Hence we may write the expression I 
a@/3@j-@'^@-0 ■■■ without parentheses, and j 
may write the elements a, /9, y, S, s, •■■ in any order I 
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we please, the expression still denoting the greatest 
common factor of a, /5, y, S, e, ■ ■ ■ 

649. Theorem. If a = ^, r = ^. « = C. V = ^. ■ ■ *. 

This may be proved in the same way as § 384. 

650. As a particular consequence of §§ 647, 649 it 
follows that in finding the greatest common factor of 
a series of integers, none of which is zero, we may re- 
place any number of them by their greatest common 
factor and find the greatest common factor of this 
greatest common factor and the remaining integers ('). 

651. Theorem, If none of (he integers a^, a^, a^, ■ ■■ , 
a,d is sero, 1 ^ | («,@«2@S® " " ■©« ) 

The proof of this theorem is formally the same as 
that of § 369. 

This theorem is the Generalized Left-handed Sistri- 
hiitiv Law for Bfultiplication and the Operation of 
Finding: Greatest Common Factor. 

652. Theorem, If none of the integers a,, a^, a^, ■ . . , 
a., 9 is «r», («,®<«,0«,®---®".)l» 

-K»)®K»)®K«)®-®(«.»). 

This theorem is the Generalized Right-handed Dis- 
tributiv Law for Hnltiplication and the Operation of 
Finding; Greatest Common Factor. 

663. Theorem. If the greatest common factor of a 
series of integers, none of which is zero, is unity, 
tliese integers ar all multiplied by a given integer 



(I ) See Tannery, p. 1:5. 
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ferentfrom sero, tlte greatest comtnon factor of the prt 
uctsis the numerical value of this multiplier ; and con- 
versely, if the greatest common factor of the products is 
tlte numerical value of tlie midtiplier, the greatest com- 
mon factor of tlu given integers is unity. 

The proof of this theorem is like that of § 6oi. 

654. Theorem. If none of the integers 

°„ "j. «3' ■ ■ ■> ",.' h h K •■■^?„^ -^''. 

= (".5.) ® («.*,) ® (S/'O ® ■ ■ ■ ® («»^i) 
® {-S^ ® («/J ® (S5.) ® ■ ■ ■ ® («J5,) 
® («,^'=) ® ("^3) ® {"^'J ® ■ ■ ■ ® (« J5=) ^ 

® («,A,) ® («A) ® MJ ® ■ ■ ■ ® («J5J ('). " 
The proof of this theorem is like that of § 371. 
This theorem may be stated : The product of the re- 
spectiv greatest common factors of two series of integers, 
of which none is zero, is equal to tJie greatest common 
factor of all the prodtuts that can be formd by multi- 
plying an integer of the first series by an integer of the 
second. 

6fiS. Theorem. The product of the respect greatest 
common factors of any number of series of integers, rf 
which none is zero, is equal to the greatest common factor 
of ail tlte products that can be formd, each having as a 
factor one and only one integer from each of the given 
series. 

(') See Slieltjcs, p. 3. 
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The proof of this theorem is formally the same as 
that of S 389. 

fl66. Theorem. If none of the integers a^, a^, a^. •■■ 
is zero and they ar all divisible by an integer d, then 
«,®a,®«,®--->»»WK®«,®«,®...):|» 
= («,:»)®(.,:»)®K:»)®. ..('). 

This theorem is proved from § 653 just as § 603 is 
proved from § 599. 

This theorem is the Generalized Distribntir Law 
for SiviBion and the Operation of Finding Greatest 
Common Factor, 

657. Theorem. If all of a series of integers, none of 
which is zero, ar divided by their greatest common fac- 
tor, the greatest common factor of tlie quotients will be 
unity ; and conversely, if, when all of a series of integers, 
none of which is zero, ar divided by a given integer, the 
greatest common factor of the quotients is unity, the 
numerical value of the given integer is the greatest cam- 
pion factor of the given series of integers. 

The proof of this theorem is like that of § 603. 

668, This theorem is equivalent to the following : 

Theorem. Having given a series of integers a^, a^, a^, 
■ ■ ■ ; if none of these integers is sero and It is their greatest 
common factor, ther exists a series of integers x^,x^,f^, ■■ -, 
none of which is zero and whose greatest common factor 
is unity, such that a^ = y^ie, a^ = yjc, a^ = y^K, - ■ ■ ; and 
conversely, ifa^^ Yl"' '^2 — T^i "3 = T^> '• ■ < ^'^ ^""^ 
if the integers k, j-^, y^, j-^, ■ ■■ is sero and the greatest 




(')See Stielljes, p. s 



m 



conmion factor of y^,y^,y^, ■ ■• is unity , then k is the greatestM 
coniinon factor of a^, a^, a^, ■ ■ ■ 

659. Theorem. The camtnofi factors of a series of i 
integers, none of wliick is zero, or the same as t/te fac~i 
tors of their greatest common factor <^). 

660, Theorem. If two of the integers a^, a^, 
none of which is zero, ar prime to each otiter, the greok 
est common factor of the series is unity. 

To find the greatest common factor of the series c 
integers, we can arrange them as we please, § 64;^ 

Call, then, the two that ar prime to each other 
and Hj. 

Now, since a^ _[_[_ «j, «[ @ "2 = i - 

Then fl,® a,@«3@ . . . = K® «,)@(o3® . . .) 

§ 647J 

= !■ § 577^ 

861. Theorem. If two of the integers a^, a^, 
none of which is zero, ar prime to each other, and 6 i 
any integer except zero, then 

(«,»)®K9)@K»)®..._|»|. 

This follows immediately from the preceding thc-B 
orem and § 653. 

662. Definition, A series of two or more integers 
ar prime to each other two by two (°), wlien each of 
these integers is prime to each of the others. Thus 
2, 5, 9 ar prime to each other two by two. 



to 



(') See Chrystal, p. 38 ; Tannery, p. 1 
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When two integers ar prime to each other, their 
greatest common factor is unity, and the converse is 
true(§ 579). 

When three or more integers ar prime to each 
other two by two, their greatest common factor also 
is unity (§ 660), but the converse is not always true. 

Thus the greatest common factor of 3, 5, 9 is 
unity, but these integers ar not prime to each other 
two by two, two pairs, 3 and J , 5 and 9, being prime to 
each other, but the third pair 3 and 9 not being prime to 
each other. 

Again the greatest common factor of 6, f , g is 
unity, but no two of these integers ar prime to each 
other. 

The statement that " When three or more integers 
ar prime to each other two by two, their greatest 
common factor is unity " is not, then, a complete an- 
alog of § 579. 

We will, however, deduce in § 666 a theorem which 
is a complete analog of § 579, a theorem which is 
true of a series of integers and which includes that of 
§ 579 as a particular case. 

663. Theorem. If v:^ 5a„ v > 5«„ v^da^ ■ ■ ■, 
^ > 6%, ^fid the integers a^, Oj, a^, ■ - -, a^ ar prime to 
each other two by two, then v > 9<i-^<i:f^ ■■■a and 

|.| : |«<=A<>.---«.| = (» :#«,)®(» :»«,)®{« : »«J 
@ ■ ■ - @ (f : 6a^, provided u is not sero ; and con- 
versely, if -u-:^ ^a,«jS ■■■«..' '^"''' " > ^"i- ^ > ^"-v 

" > P«3. ■ ■ ■, ^> Sa^, and, if 1 1/ 1 : | da^a./z^ ... a J 
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t/un the integers a^, a^,a^ ■•■, a^ or prime to each otJier 
two by two. 

For the direct theorem, 
since v > <?«,, v > da^ and «, Ji o^ v >■ <?a,a, 

and I ^ h I ^«i«2 ! = (•': 'K) ® C** : '^fij)- § 628. 

That is, the theorem holds for two integers. 

To prove it in general, suppose that it holds for k 
integers, wher 2 ^ ^ < «. 

That is, we hav given v >• Oa^a^a^ ' ""hk «"^^ 
I V I : I Oa^a^a^ . . . a J = (v : da,) ® (f : ^«g ® (v : da^ 

®...0(v:<?«J. 

Then a^a^a^ • • «* IL «t+i- § 63 2. 

Hence v >■ d{a^a^a^ ■ • ■ 0.^0.^1 and 
I V I : I Oia^a^a^ ■ ■ ■ a^a^^^ \ 

= (I V I : I ^a,a,aj . . . «J) ® (v : (?a^i) §580. 

= (V : <?«^) ® (v : <?«^ ® (V : <?«3) ® . . . 

® (V : <?«J ® (V : <?a,^j). §583. 

Hence, if the theorem holds for k integers, it holds 
also for A + I, 

Therfor by the law of induction it holds for n integers. 

For the converse theorem we hav given 

Hence p > 0a,, v > flo^, v > fla,, . . ., v > 0a^, 

§ 460. 
Hence also v = Wa^a^a^ * * ' ^»» wher ^ 4= o. 
Therfor v : Oa^a^a^ . ,,a^ = i 
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1 


and 




1 


»:»«. = '",»>'".■■«.-,• 


Hence 






(v:»«,)®{»:9«,)®(.: 9..)®. ..(§(„ 


■■«'.) 


= (''«,«. 


••■«.-,".) ©(i-A- ■■«.-,".) 




®K«, 


•••'v,«.)®---®yw. ■■■«-,) 


§649, 


-\m 


V. ■•■ ".-!<".) ® ("ft ■■■ <".-i«.> 




®(«ft- 


•o.-,«.)®---®(<",V.--«.-,)]- 


§651, 


But we ] 


tiav given also 




1 1/ 1 : 1 »«,«. 


iS ■ ■ ■ "« i 




_(.:». 


,)®(»:«.,)@(.:»<.J(3.--®(. 


: »«.), 


Hence | 


^ 1- Ml [(V. ■■■".-".) ® («,",• ■ 


■'.-,".) 




® («,".• ■•«.-,".)®--'®('W. • 


■«.-.)]• 


Therfor 






i'^/^i ■ ■ ■ «, 


-«.)® {(«,".■•■«.-,«.) ® (<■,«■ ■■ 


■".^,«.) 




® ■■■©{«.<«.«,■■ ■«.- 


01 - ■■ 


Or 






("A ■ ■ «.- 


-,«.)® {|'',l [{■"•■•■ «.-,«.)®(«. ■ 


■".-,«.) 




®... 0(0.... ...._, 


)]1-I. 


That is. 






».«. ■ ■ • ". 


-.».iil»,l[(«.--«.-<>.)®(",'-«.-«.) 




® ■-.(§{«.<,.... ».„,)]. 


5 579- 


Therfor 


v.- ■■«.-!". ii".- §§631,561. 


Therfor 


a, is prime to each of the integers a^, «,, . . ., 


«.-.. <"„■ 




§633. 

m 
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Similarly it may be shown that each of the integers 
a^, «3, •••,«„ is prime to each of the other integers. 

That is, «p otj, a^ •••,«„ ar prime to each other two 
by two. § 662. 

664. Theorem. 1/ v > «j, v > a^, v > aj, . . ., 
and the integers a^, «2» S» * ' * ^^ prime to each 
other two by two^ t/ien v >► aiOgOj . . . and 

I V I : I «//2«3"' •; I = 0" :«i) ® (^^ : S)® (*^ •• S) ® * * •» 
provided v is not zero; and conversely^ if 

I V I : I «i«2S • • • I = (^ • «i)® (*^ • S)® {^ • S)® • • •» 
///r;/ ///^ integers «p a^, ol^ - *- ar prime to each otlier 

tiuo by two (*). 

This theorem is a particular case of the preceding, 
the case when fl = i . 

665. Theorem. If v = Oa^a^a^- . . and the 
integers a^ «2, «3, • • • ar prime to each otiier two by 
tivo, then v > fla^, v > Oa^, v > ^a^, . . ., and 
iy • Oa^ @ (v : ^Og) @ (v : ^Oj) . . . = i, provided none 
of the integers 0, a^, a^, a^, -- - is zero ; and conversely^ 

if (v : ea^)®{v : <?s)®(v : ^^s) ® ' •' = i. ^^'^ 
integers a^ Oj, flj, • • • ar prime to each other two by two. 

This follows immediately from § 663. 

For, if V = Oa^a^oL^ • . ., then v > <?«j, p > ^o^, 

666. Theorem. If v = aj«2«3 • • • ^«rf //^ integers 
flj, «2» S»" • ^^ prime to each other two by two^ 
then {y :«i)®(j^ :«2)®(*^ :«s)®-" = i» 

(') See Tannery, p. I20. 
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none of the integers a^, n 
is zero ; and conversely, if v = f^^i-^ 

(v : a,) @ (v : a,) @ (v : «5 ® t . the integers 

a„ Oj, (Zj, . ■ ■ ar prime to each other two by two. 
This theorem might also be stated as follows : 
If the integers a^, «j, a^, ■ ■ ■ , a^, 7ione of which is 
zero, ar prime to each other imo by two, tJie greatest 
common factor of the n products that can be formd,each 
containing all but one of these integers, is unity ; and 
conversely, if the greatest common factor of these n 
products is unity, lite given integers ar prime to each 
other two by two. 

For, if V = «i«2«3 ■ ■ ■ I I' : «! = o-^i^ ■ ■ ■ , 

This theorem is the analog of § 579 mentiond in 
§662. 

It contains § 579 as a particular case. 

For, if V = OjOj, t : H^ = Oj and v : «^ = «,, 

Thus we hav from this theorem that, if '<, 1 1 '/.„ 
Oj @ «, = I, and conversely. 

The reason is now apparent why, in order that a 
series of n integers, when « > 2, may be prime to 
each other two by two, it is not sufficient that their 
greatest common factor shall be unity. The greatest 
common factor of the n products, each containing all 
but one of the integers, as above, must be unity. 

But when n=2, the n products ar the integers 
themselves, so that the two conditions ar the same. 

667. Theorem. If k is t/ie greatest common factor of 
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the integers a^, a^ a^, . . . , a^, none of which is zero^ a 
series of integers ^j, \^ ^3, • • • ^^ can be founds such 
that 

For, let K^ be the greatest common factor of a^ and 
ttj, iCg of K^ and fig, etc. 

Then k^ = Vjaj + f ^a^, 

^^2 = ^'a^i + ^2S» 



§ 610. 

From the first two of these equalities 

'^2 = ^2(^l«l + ^iS) + ^2S = *'2*'l«l + ''2^1«2 + ^a«S- 

Combining this with the third, we get 

'^a = ^'sVl^l + ^3^2^ 1«2 + ^3^2^ + ^3«4- 

By examining this formula, we see that it is a 
particular case of the formula 



K. = vv 



V2^1«l + ^'/^Z-l • • • ^^3*^2^ 1«2 



+ *^/Vl • • • *^3^2«3 + • • • + i^iVl^ Z-2V1 + ^^A-l^l + f l«|+l, 

the case when /= 3. 

Similarly the formulas for k^ and /c, ar particular 
cases of the latter formula. 

We will now show that this formula holds for all 
values of / from i up to « — i . 

Suppose that it holds for some particular value /, 
wher o </<;^ -— I. 



(1) See Gauss, p. 33. 
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Then, since Kj^j 

+ V.W-.- ■ ■ "A", + ■ ■ ■ + »,+,V,-.f r-.",-i 
+ '',«^A-,«, + ",+!?,»,+, +?,+■<",«■ 

But this is the same as the formula for i^^with /+ i 
put in place of /. 

If, then, the formula for «j holds for any particular 
value of /, it holds for the next. 

Hence, since we hav shown that it holds for the 
values I, 2, 3, by the law of mathematical induction 
it holds for all values of/ from i up to the last value 
«— I. 

We hav, then, finally 

But K^_^ = K. 

Hence, setting ^j = i'^_ii'„_j' ■ ■ '^^'^^i, 



I 



we hav k = ;,«; + ^^a^ + ^3-^3+ h ^„a„- 

668. Theorem, /f unity is the greatest common 
factor of a series of integers a^, a^, "3, ■ ■ ■ , «„, none of 
■wkick is zero, another series of integers \, X^, X^, ■■■, X^ 
can be found, such that 

;,«, + X^a^ + X^a^+ ■■■ + ;„fl. = 1. 



669. Theorem. If aj + «j + o^ -|- . . . = i/ 

This is proved in the same way as § 5l2. 

670. Theorem. ^ a^ + «^ + «^ h = i an 

&f ft> ■ ■ ■ "'' fi^tii^^ of flj, Hj, Wj, - - - respectivly, then: 

671. Theorem. If ,!,«, + /i^-ij + ,i^n^ + . . . = i, 

greatest common factor of any series of integers taken 
one from each of the groups \ and a,, i.^ and a^, X, 
Oj, ■ ■■ is unity. 

672. Theorem. 

If V,+ Vs + V3+---=«1®«!®'-'.®- 

then K®K®h® ■ I- 

This is proved in the same way as § 6l6. 
This theorem may also be stated : In lahatever may 
tlie greatest common factor of «,, «j, a.^, ■ ■ ■ is exprest in\ 
the farm A,a^ + X.^i^ + A^a^ + ■ ■ ■, the greatest common- 
factor of X^, X^, X^, ■ ■ • is unity. 

673. Theorem. If k is the posiliv integer which fiasi 
as prime factors all the prime factors that ar cotntrwn to 
a series of positiv integers, and which contains each 
prime factor a number of times equal to the least num- 
ber of times tJiat it occurs as a factor in the given in- 
tegers, tlten K is tlie greatest common factor of those 
integers. 

First, since each of the given integers contains every 
prime factor that occurs in k a number of times not 
less than the number of times that it occurs in 
a common factor of the given integers. § 64( 
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Now let X be any positiv common factor of the given 
integers. 

Then every prime factor of ;i must be common to 
the given integers and must occur in ;i a number of 
times not greater than the number of times that it oc- 
curs in any one of the given integers (§ 640), and 
hence not greater than the least number of times that 
it occurs as a factor in the given integers. 

Therfor every prime factor of X occurs in /c a num- 
ber of times not less than the number of times that it 
occurs in ^. 

Hence ^ is a factor of k. 

Since, therfor, /c is a common factor of the given 
integers and every positiv common factor is a factor of 
/c, K is the greatest common factor of the given integers. 



I 

■ I 

!i! 

I-. 
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CHAPTER IX. 



LEAST COMMON MULTIPLE. 



674. Definition. A common multiple Q) of two, or 
more, integers is an integer that is a multiple of each 
of them. 

Thus zero is a common multiple of any two, or 
more, integers, none of which is zero ; the product of 
two, or more, integers, none of which is zero, is a 
multiple of each of them ; also their product multi- 
plied by any factor. 

675. Let a, fi, y, • • • be any two, or more, integers, 
neither of which is zero, and X any integer not zero. 
Then XajSy • • • is a common multiple of a, ^, 7^, ... 
Now of all the values of Xa^y - • • obtaind by giving X 
various values the numerically smallest ar those for 
which 1^1= I. For, 

if Ml>i, M«/?r---!>|«/5r---|- §406. 

Ther may be common multiples of «, /3, 7*, • • • which 
ar numerically greater than a^y - • ., but which ar not 
multiples of a^y • • • Thus 9 x 4, or 6 x 6, which is 
greater than 4 x 6, is a common multiple of 4 and 6, 
but is not a multiple of 4 x 6. 

Moreover ther may be common multiples of a, fi, 

(1) See Stieltjes, p. 2 ; Tannery, p. 121. 
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■(,■•• numerically less than the product a^j • ■ • Thus 
3 X 4, or 2 X 6, which is a common multiple of 4 and 
6, is less than the product 4x6. 

678. The number of positiv integers not greater 
than I a;?;- ■ ■ ■ I is |«/3;----j. Hence the number of 
positiv common multiples of a, /9, ?",■■■ not greater 
than \a,9Y--.\ is not greater than |aj9;-.--|. It is, 
theifor, limited. Of these multiples any one is less 
than any positiv common multiple greater than 
I a^ ■ ■ ■ |. The smallest of them is therfor the small- 
est of all the positiv common multiples of a, (3, y, •■■ 
It is calld the least common multiple of a, ^, y, ■ - ■ 

Sefinitioii. The least common multiple of two, or 
more, integers, none of which is zero, is the smallest 
of the positiv common multiples of those integers. 

677. If we had defined the least common multiple 
of a set of integers as the numerical value of the 
numerically smallest of their multiples, the least com- 
mon multiple of any set of integers would be zero. 

The idea of least common multiple would not, then, 
be anything new. The idea as defined above, how- 
ever, is a new and useful idea. The least common 
multiples of different sets of integers ar not always the 
same, as may be seen by taking a few examples. 

It is to be noted also that the least common multi- 
ple is not defined except for a set of integers, none of 
which is zero. This is in accordance with the restric- 
tion of § 427, 

678. Theorem. If a positiv integer ji is a common 
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multiple of a series of integers a^, a^ a^ - . - and t 
positiv common multiple of a^, a^,a^ -is a multiple c 
fi, then ft is tlie least common multiple of a,, a^ a^ ■ 

Let f be any positiv common multiple of a,, a^, a^ 

Then by the hypothesis v = (c/j, wher ip is positiv. 

Now, if f > 1, ifix';> fi, or 1/ > ^. 

That is, of the positiv common multiples the i 
for which p = i, which is /i, is less than any other. 

Therfor ft is the least common multiple of e 



679. We will denote the least common multiple 
two integers a. and ^ by the symbol a X. ^, which i 
be read "a mul /9." The symbol « X ^ will, thei^ 
be univalent, if neither a nor ^ is zero. The symbol! 
« X o, o X «. and o X o will, however, be meaningless,' 

The integers a and ,9 may be calld the elemeutn of 
the least common multiple a X (9. 

680. Operation of Findin|f Least Common Hnltiple. 
The least common multiple of two integers, neither 
of whicii is zero, is found by choosing the smallest 
among a given limited set of integers. It is therfor 
found by an operation. 

681. Theorem. « X ^9 = ;5 X o, proitided neither . 



The proof is like that of S 574- 

Thi.'s theorem is the Commntativ Law for the Opei 
tion of Finding Least Common Hnltiple. 

682. Theorem. If a > /?, ^^ x ^9 = ] « |. frm>idt4 
neither a nor B is sero. 
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The proof is like that of § 575. 

683. Theorem. « x « = | « |, prffvidcd 

684. Theorem. « X r = | '^ |> proi'ided a is not 
686. Theorem. 

(- «) X /3 = « X (- ^) = {-«) X (- J?) = « X ;5, 
provided fieUker a nor ^ is aero. 

686. Theorem. If a— fi, a Xr = i^ ^ 7> provided 
neither /3 nor y is zero. 

687. Theorem. If a = fi, y ^"^T X /5, provided 
neither /? nor y is sero. 

688. Theorem. Ifa = ^ and y^d,axr = pii.^, 
provided neitlur ^ nor y is zero. 

689. As the least common multiple of two integers 
is an integer, we may combine it with other integers 
by any of the signs +, — , x , :, @, X ; provided, 
first, that the first element of every quotient is divis- 
ible by the second ; second, that of two integers con- 
nected by .the sign @ not both ar zero ; and third, that 
of two integers connected by the sign X neither is 
zero. We will use parentheses to indicate the order 
in which the various operations ar pcrformd. 

Every such expression is univalent. For cv^ry 
sura, difference, product, quotient, greatest common 
factor, and least common multiple is univalent 

690. Theorem. If for one or more dements of a com- 
plex expression which contains integers connected by any 
or all of the signs -f-, — , x , :, @, X and in which, 
first, the first element of every quotient is divisible by 
the second element, second, of two integers con?tected by 
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lot zero. ^^ 

<tot zero. ^H 
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tlic sign @ not both ar zero, and third, of two integers 
connected by the sign X neither is zero, equal integers 
ar substituted, the complex expression is unchanged. 

691. Theorem. « X ^9 = j «/? | : (« ® ^9), provided 
neither a nor ^ is zero (^). 

Since neither a nor /? is zero, | «/3 1 is positiv. 

Hence | «i9 1 : (« ® /5) is positiv. 

Moreover \n.^\\(a^^)^\a\{\^\\{a%^)) §468. 

= (|«|:(«®^))|^|. §467. 
Therfor | «/5 1 : (« ® ^9) is a common multiple of | a | 

and I ^ |, and hence of a and ^. 

Moreover every common multiple of a and ^ is a 
multiple of I a/9 1 : (« ® jS). § 630. 

Therfor | «i9 | : (« ® ^9) is the least common multiple 
of a and ^. § 678. 

By means of this theorem the least common mul- 
tiple of two integers, neither of which is zero, may be 
easily found when their product and greatest common 
factor ar given (^). 

692. Theorem. Any common multiple v of two in- 
tegers a and ^ is a multiple of their least common 
multiple. 

If V is zero, the theorem follows from § 444. 

If V is not zero, J^ > | «/? | : («® /5). § 630. 

And |«i9|:(«®^) = «Xi9. §691. 

Hence i^ > « X ^9. 

(^) See Le Besgue, p. 34 ; Tannery, p. 122. 
(2) See Stieltjes, p. 4. 
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693. Theorem. The common multiples of tivo integers 
or the same as the multiples of their least cotnmon mul- 

For, by § 460, every multiple of the least common 
multiple is a multiple of each of the given integers. 

And, by § 692, every common multiplt; of the 
given integers is a multiple of their least common 
multiple. 

Hence the two groups of multiples, first the com- 
mon multiples of the two integers and second the 
multiples of their least common multiple ar the same. 

694. Theorem. (a X j5}(« @ /?) = | ";? | . provided 
neitlier a nor ^ is zero. 

This follows easily from § 691. 

As a consequence of this theorem fher is a reci- 
procity or duality (') between the theories of greatest 
common factor and least common multiple. It will 
be found that many theorems in these subjects ar still 
true when the terms "greatest common factor" and 
"least common multiple" ar interchanged. 

695. Theorem. f% @ ,9 = | a ,? | : (a X i^), provided 
neither a nor ;9 is zero. 

By means of this theorem the greatest common 
factor of two integers, neither of which is zero, may 

(') See Tannery, p, 121, 

(•)See L. Cremona, "Elements de Gfiom^trie ProjecCiTe," 1872, 
English translation, "Elements of Projective Geometry," 1885, by C. 
Leudesdorf, p. 26 ; Beman and Smith, " New Plane and Solid Geom- 
etry," tffoi, p. 27. 
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^^^^^^^^^^^k 


be easily found whi 


en their product and feasTcomm^^^H 


multiple ar given. 


^H 


696. Theorem, 


^H 


If vis a common multiple of a and ^, then ^H 


[{^:«)^(^r^)][(-:«)®('':^)] = l^H:!«^|. ■ 


provided v is not ze, 


^^1 


For [{. : «) X (. 


' : ?)\ [(^ '■")®{^- /^}] ^^1 




= \{y'.fif^\^\ §694.^H 




= 1 {vv) : (a/?) 1 § 466j^H 




= |iJf{:a^|, §496.^^1 


697. Theorem. 


^^1 


y.ir „«,«,««« 


mltiple of a and ^, then ^H 


(«X«[(»:a)®0 


s- : j5)] = 1 1- 1, provided v is not zert^^^ 


By § 630, 1 K 1 : 1 


:|a,3]:(a®j?)) = C^:a)®(.:^^B 


But 


|«^|:(«®^) = «X/9. §69i^H 


Therfor 


l^l :{«X;5) = {i;:a)@(i.:^)|^M 


Or (ax,!)[( 


V:«)®(v:/3)] =|v|. ^H 


This theorem includes § 694 as a particular case. ^^| 


For, if V = afi. 


.:« = ;? and .:^ = «. ^ 


698. Theorem. 


If V is the least common multiple of 


the integers 11 and 


^.then{u:a)@(v:0) = i; and 


conversely, if the positiv integer > is a common tmdtiple 


of the integers aand ^ and {v ■.a)@{v : ^) = 1, then i> 


is the least common 


multiple of « and j3. 


Both parts of the theorem follow easily from § 697. 


699, Theorem, 


If u is a common multiple of a and 


/3, ?A,«(«®i9)[(> 


: a) X (y : ^)] = 1 1^ |, provided v is 


not zero, 

m 


^^ 
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For 






(<.Xffl{(«®i3)[^:«)X(»:fl])[(v: 


«)®(« 


:«] 


x{[(»:«)X(":/!)][(^:«)®(v: 
_|a/9|x(|»|:|"'^l)-|-'l- 


ft]} §381. 
§1694,696. 


Moreover 






(«Xffl{(«®/9)[(^:«)X(»:,9)]}[(. 
-{(«®/3)[(.:»)x(^:«]) 

-((.®«[(v:a)x(»:ffl)|^|. 


: n)®l 


:" : «] 

§381- 
§697- 
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Hence {(«® ;9)[(. : «) X (- : ^)] } M = I ^H- 
Therfor («® j?)[(. : «) X (^ : ^)] = 1 H- 

700. Theorem. ^ « Jl j9, a X j5 = | a;5 1 , pramded 
neillier a nor j3 w ^(T.?, «»</ conversely. 

This follows easily from §§ 579, 691. 

701. Theorem, [a^) x (a^) = | « | {(9 X r). prmndcd 
neither a, ;9, wcr x is sero. 

For (affl X («r) = I («ft («r) i : ({<s9) ® («r)) § 691- 
-(l«ll«llA-|):(l»l(/5®rt) 

-(l«llfrl):09®r) 5457- 

-I»l(lfr|:(/S®rt) = l«l(i5xr). §1468,691. 

This theorem is the Left-handed Distribntiv Law for 
Hultiplication and the Operation of Finding Least Com- 
mon Multiple. 

702. Theorem, (aj-) x OV) = (« X /5) | r |. prozdded 
neither a, (9, nor y is aero. 

This theorem is the Right-handed Distribntiv Law 
for Multiplioatioa and the Operation of Finding Least 
Common Iff ultiple. 



703. Theorem. // i^ Hr. {"^) X («r) = | «/5r I 
■uitied neitlur a, ;9, nor y is zero. 

For («^}X("r)=|«|{/5X!') § /or.j 

= |«|I/9r| = |«^r|. ? 

704. Theorem. If a.-^x «w^ ?>r< '^'^^ « X , 
«W (a X j9) : I r I = ( « : r) X 05 : r). prmided neithet 
a nor ^ is zero. 

This theorem may be proved in the same way as"! 
§ 6o2, or it may be proved from § 602 by means of 1 

1 69-. 

This theorem is the Distribntiv Lav for Division and ] 
the Operation of Findii^ Least Common Multiple. 

705. Theorem. If 6 \\_^, («#) X ;9 = (a X /5) | S |, 
provided neither a, /3, nor d is sera. 

This may be proved from § 625 by means of § 6gi. 

706. Theorem. If a > tf and \lli, titen 
(a : tf) X ^ = (a X ^) : I ^ |, provided neitJier a nor ^ is 



This may be proved from § 626 by means of § 691. 

707. Theorem. Having given any series of integers 
a,, a^, Kj, . . . , a^, none of wliick is sero, if we find the 
least common multiple ji^ of a^ and Oj, then tlte least 
common midtiple p.^ of ji^ and «j, tken the least cojnmon 
multiple /ij of ji^ and a^, and so on, and finally the least 
common multiple /i^_^ of n^_^ and a^, then fl^_^ is tlte 
least common multiple of «,, «^, u.^, ■ ■ ■ , a^ ('). 

First, to show that ji^^^^ is a common multiple of 
"i. «.. "a. ■ -J ««■ 

(I) See Tanner)-, p. I2z ; Lucas, p. 345. 
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1 


By hypothesis /i, is a common multiple of a, 
and Kj. 


1 


Hence, since /i^ is a multiple of /i,, 
it is a common multiple of a, ajid «j. § 460. 

And by h>'pothesis //, is a multiple of a^. 

Hence /Jj is a common multiple of a^, a.^, a^. 

Since /i^ is a multiple of /i^, 
it is a common multiple of «„ a^, a^. 

And by hypothesis //^ is a multiple of «,. 

Hence /^g is a common multiple of a,, a^, a^, a,. 


■ 


Similarly /t^_^ is a common multiple of «,, a^, a^, 

Second, every positiv common multiple of a^, a^, a^, 
■ ■ ■ , a^ is a multiple of /j^_j. 

For, let p be any positiv common multiple. 

Then, since 1/ is a common multiple of «, and «,, 






jj is a multiple of/*,. § 692. 

Since 1/ is a common multiple of /i, and a^, 
1/ is a multiple of /^^. 

Similarly we may prove that v is a multiple of 




/'s. /'j. ■ ■ ■ . K-i- 

Since, then, fi^_^ is a common multiple of Oj, «^, a^, 
■ ■ ■ , fl„ and every positiv common multiple of a,, «j, 
«s' ■ " " ' ",. '^ ^ multiple of //,,_,, //„_, is the least com- 
mon multiple of «|, Oj, Oj. ■ ■ -, a^. g 678. 

This theorem might be stated : 




Having given any series of integers «„ o^, a,, . . . , a^, 
none of which is zero, thdr least common multiple is 




((K X '',)X«JX---)X«„. 


1 
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It will be noticed that this theorem and its proof ar 
identically the same as those of § 645, except that the 
words "least" and "multiple" replace "greatest" 
and "factor" respectivly, the letter [i replaces «, and 
the symbol X replaces @. 

708. Theorem. If a, ^, j- ar three integers, TtoKe of 
which is zero, {« X ;5) X j" = « X (^ X y). 

The proof is similar in form to that of § 646. 
This theorem is the Associativ Law for the Opera- 
tion of Finding Least Common Kultiple. 

709. As a consequence of this theorem and that 
of §681 we can prove the following theorem, which 
is analogous to that of S 647 and which may be calld 
the Generalized Associativ and Commutativ Law for the 
Operation of Finding Least Common Hnltiple. 

Theorem. In any complex expression in which inte- 
gers, none of which is ^ero, ar connected by the sign for 
least common Toultiple, with parentheses to indicate the 
order in which the various operations ar performd, tlie 
arrangement of the parentheses and the order of the ele- 
ments may be changed in any way, the result of the 
whole set of operations being the least common multiple 
of tJte series of integers ('). 

710. Hence we may write the expression 
oX^Xrii^X^X ■■■ without parentheses, and 
may write the elements u, /?, j-, 5, £, ■ ■ ■ in any order 
we please, the expression still denoting the least 
common multiple of «, /9, y, d, s, ■ •■ 



I 



(') See Le Besgue, p. 34. 
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711. Theorem. If a = (i, y = ii, £ = C, 
t/i^n aXrXs X^ X i^ X o X ^ X S 

This may be proved in the same way as § 649. 

712. As a particular consequence of §§709, 711 
it follows that in finding the least common multiple 
of a series of integers, none of which is zero, we 
may replace any number of them by their least com- 
mon multiple and find the least common multiple 
of this least common multiple and the remaining 
integers {'). 

713. Theorem. If tionc of the integers a,, a^, a^, ■ ■ ■ , 
«__, 6 is zero, 

" -(««,) x(»«.)x(»«.)x--x {»«.)(■)■ 

The proof of this theorem is formally the same as 
that of I 651. 

This theorem is the Qeneralized Left-handed Sis- 
tribativ Law for Multiplication and the Operation of 
Finding Least Common Multiple, 

714. Theorem. If fione of the integers «,, «^, a^, ■■■ , 
a_, d is sero, 

K X «; X «3 X ■ ■ ■ X «„) 1 8 I 

= {afi) X is") X K'*) X ■ - ■ X W). 
This theorem is the Generalized Right-handed Dis- 
tribntiv Law for Multiplication and the Operation of 
Finding Least Common Multiple. 

715. Theorem. If none of the integers a,, o^, a^, . . ■ , 
"™. K' K K ■ ■ ■ T (5„ ?> zero, 

(') See Tannery, p. I23. {«) See Tannery, P- "4- 
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KX«,X«,X •••XaJ(AX/3,X^3^ ••• X ^J 
= («,^,) X («^,) X («,^.) X • • • X (a„A) 
X (a,^,) X («A) X (a^,) X • • • X («^J 
X («A) X («A) X (aA) X • • • X (a^a) 

X 

X (« A) X («A) X («A) X • • • X {a J J C). 

The proof of this theorem is like that of § 654. 

This theorem may be stated : T/te product of the 
respectiv least common multiples of two series of integers ^ 
of which none is zerOy is equal to the least common 
multiple of all the products that can be formd by mul- 
tiplying an integer of the first series by an integer of 
the second, 

716. Theorem. The product of the respectiv least 
common multiples of any number of series of integers ^ 
of which none is zero^ is equal to the least common mul- 
tiple of all the products that can be formd each having 
as a factor one and only one integer from each of the 
given series. 

The proof of this theorem is formally the same as 
that of §655. 

717. Theorem. If none of the integers «j, a^, «3, • • • 
is zero and they ar all divisible by an integer d, then 
«i X «2 X «3 X • • • > ^ and 

(«iX«2X«3X---):|^l 

= («i : S) X («2 •• ^) X («3 : ^) X • • • 
The proof of this theorem is formally the same as 
that of § 656. 

(^) See Stieltjes, p. 3. 
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This theorem is the Generalized Distributiv Law 
DiviBioB and the Operation of Finding; least Common 
Hnltiple. 

718. Theorem. TJu common multiples of a serks of 
integers a.^, a^, a^, ■ ■ ■, a^ ar the same as the multiples of 
their least common multiple ('). 

For, let ;i,, /Aj, ji^, ■ - -, ^__^ be the series of least 
common multiples found as in § 707. 

Then the common multiples of '/, and a^ ar the 
same as the multiples of /;,. § 693. 

The common multiples of /', and «, ar the same as 
the multiples of /i,. 

Hence the common multiples of «,, u^, '/^ ar the 
same as the multiples of //j. 

Similarly the common multiples of a^, «,^, a^, «^ ar 
the same as the multiples of /z^. And so on. 

Finally the common multiples of «,, «,, ",, -■-, «, 
ar the same as the multiples of /<,_,, which is the least 
common multiple of «,, «j, a^, ■ ■ ■, a^. 

719. Theorem. If v is a common multiple of the 
integers a^, a^, «3 ■ ■ ■ , «„, llien 

X [(v : a,)@iu:a,)®(u : ^J® ■-©(- : «,)] 
= ] u |, provided v is not sero(^). 
By§697 («,X«.) [(»:«,)®(v:a.)]_|„l. 
That is, the theorem holds for two integers. 

(I) See P. Banieu, Malhtsis, Vol. III., 1883, p. 217; SticltjcB, 
p. 2. 

OSceBarrieu, p. 217. 



raw for ^H 

lommon ^H 



J 
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To prove it in general, suppose that it holds for k 
integers, wher 2^k <.tt. 
Then we hav 

(a, X a, X «s X • • • X a*) 

X [(v : a,)®(^ : «2)®(«' : «,)©•••©(" : «»)] 

= lvl. 



Hence {v : a^)@(v: a^ 0(v : fit,) • • • ® (v : aj 

= I V I : (fitj X Oj X as X • • • X aj. 
Hence 

(v : flt,)®(v : s)®(»' •• «,)0- ••®('' •• «*)0(»' : «»+,) 
= (|v|:(fit, X«,XasX---Xa»))0(v:a^,) 

= (v : («, X "2 X «, X ••• X «*))0(«' : a«.0 

= I V I : ((a, X «j X S X • • • X fit*) X a^^O § 697. 

= I V I : (fit, X fitj X «, X • • • X fit* X fitjH-i)- 

Therfor 

(fit, X «2 X fits X • • • X S X fitt+i) 

X [(v : ai)0('' : «2)0(»' : «s)0--- 

®('':S)0(»' :«*+i)] 

If, then, the theorem holds for k integers, it holds 
also for ^ + I. 

Therfor by the law of induction it holds for « 
integers. 

720. Theorem. If v is the least common 
multiple of the integers at,, a^, a,, . . ., a 
then {v : fit,)0(v : a^(^{y : a^0.. .@(v :aj == r ,' 
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and conversely^ if tlie positrv integer v is a common 
multiple of the integers a^, S» S> * * '» % ^^ 
(v : 64) ® (v : o^ ® (v : a^)® . . . ® (i. : aj = /, then 
V is tfte least common multiple of a^ ol^ ol^^ • • •, «^ (^). 

Both parts of this theorem follow easily from the 
preceding theorem. 

721. This theorem is equivalent to the following, 
which is the analog of § 658. 

Theorem. Having given a series of integers 

flj, «2' S> ■ * *» ^»» ^^^^^^ ^f ^^^^ ^ ^^^ > if l^ is ttteir 
least common multiple, ther exists a series of 

integers y^, y^ Xy " •» r»» ^^^^ ^/ "^hich is zero and 
whose greatest common factor is unity , such tJiat 
fJL = fljT'j = ajf^ = ajf^ = . . . = aj^ ; and conversely, 

if /^ = «iri = «2r2 = «3rs = • • • = «.r., '^f^^ ^one of 

the integers y^, y^, y^ " '>Tn ^ ^^^ ^^ /A^vr greatest 
common factor is unity, then // is the least common 
mtdtiple of a^, a^ a^ . . ., a^. 

722. Theorem. Having given a series of n integers, 
none of which is zero, the product of their least common 
multiple and the greatest cofnmon factor of tlte n prod- 
ucts, each having as factors all but one of the given 
integers, is equcU to the numerical vcdue of tlie product 
of the given integers (^. 

This follows from § 719 by supposing 



V = OL OL OL • * • OL 



(1) See Barrieu, p. 217 ; Lucas, p. 345 ; Tannery, p. 124. 

(2) See Lucas, p. 346 ; Barrieu, p. 217 ; Stieltjes, p. 2. 
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723. Theorem. Having given a series of n integers ^ 
none of which is zero^ the product of t fie least common 
multiple of all the products that can be formd^ each hav- 
ing as factors k of these integers ^ wher >& < «, and the 
greatest common factor of all the products that can be 
formdy each having as factors n—- k of these integers^ 
is equal to the numerical value of the product of the 
given integers (^). 

Let «i, «2, «3, . . ., «^ be the given integers and 

Let also jSj, ^^^ ^^ " '* ^m ^ ^^^ series of products 
of the «'s taken ^ at a time. 

Then v is a common multiple of the ^*s and 

^ : ^i, ^ : ^2f ^ ' ^y • • •, 1^ : fi„^ is the series of products 
of the a's taken ;/ — ^ at a time. 
Now 

§719. 
Hence the theorem is proved. 

This theorem contains the preceding as a particu- 
lar case. 

724. Theorem. If i^ is a common multiple of the in- 
tegers ttj, a^, «3» • • •> «n» ^^^^^^ («1 ® «2 ® «3 ® • • • ® «n) 

[(v : «,) X (v : «,) X (i^ : S) X • • • X (1^ : «J] = | v |, 
provided v is not zero. 



(^) See Lucas, p. 346 ; Barrieu, p. 217, 




This theorem is proved from § 699 by the method 
by which § 719 was proved from § 697. 

725. Theorem. Having given a series of n integers, 
none of -which is zero, the product of their greatest com- 
mon factor and the least common multiple of the n prod- 
ucts, each having as factors all biit one of the given in- 
tegers, is equal to the numerical value of the product of 
the given integers ('). 

This follows from § 724 by supposing 



Or this theorem may be proved from § 723 by sup- 
posing the k of that theorem equal to « — i and using 
the commutativ law for multiplication, 

726, Theorem. Having given a series of n integers, 
?ione of which is sero, the product of t/te greatest common 
factor of all the products that can be formd, each hav- 
ing as factors k of these integers, wJier k<in, and the 
least common multiple of all the products that can be 
formd, each having as factors n — k of these integers, 
is equal to the riumerical value of the product of the 
given integers (^). 

This theorem may be proved in the same way as 

im- 

Or it follows from § 723 by putting « — ^ for i and 
using the commutativ law for multiplication. 

('} See Batrieu, p. 218 ; Stieltjes, p. a, 
{') See Batrieu, p. 219. 
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727. Theorem. If the integers a^, a^, a^, -. ., none of 
which is zero, ar prime to each other two by two, tJieir 
least cofnmon multiple is | a^ajst^ . . . |, and conversely Q). 

For the direct theorem, setting v = | oL^a^a^ • • • |, 
since flj, a^, «3, • • • ar prime to each other two by two, 

(v :a^(^{v '^^®{^ :«3)®---= i- §666. 

Therfor v is the least common multiple of Oj, a^, 

«3' • • • § 720. 

For the converse theorem, since v is the least 
common multiple of a^ a^, a^, . . ., 

(v : aj® (v : a^)@{i^ : s)® ' * • = i- § 720. 

Therfor a^, a^, «3, • • • ar prime to each other two by 
two. § 666. 

728. Theorem. Jf tlie integers a^, a^, a^ . . ., none of 
which is zero, ar prime to each other two by two, and d 
is any integer not zero, the least common multiple of 
da^, Oa^, Oa^ . . . /V | Oa^ajx.^ . . • |, and conversely. 

This follows from the preceding theorem, since 

{da;) X (^S) X (^S) X • • • = I ^ I («! X S X S X • • •)• 

§713- 

729. Theorem. If fJ^ is the positiv integer wJiich has 

every prime factor that occurs in any one of a series of 
positiv integers, and which contains each prime factor a 
number of times equal to the greatest number of times 
that it occurs as a factor in the given integers, then [x is 
the least common multiple of those integers. 

First, since // contains every prime factor that 
occurs in any one of the given integers a number of 

( 1 ) See Tannery, p. 121. 
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times not less than the number of times that it occurs 
in that integer, /£ is a common multiple of the given 
integers. § 640. 

Now let V be any positiv common multiple of the 
given integers. 

Then every prime factor of any one of the given 
integers must be a factor of v and must occur in p a 
number of times not less than the number of times 
that it occurs in any one of the given integers (§ 640), 
and hence not less than the greatest number of times 
that it occurs as a factor in the given integers. 

Therfor every prime factor of // occurs in v a num- 
ber of times not less than the number of times that it 
occurs in [i. 

Hence v is a multiple of [i. 

Since, therfor, // is a common multiple of the given 
integers and every positiv common multiple is a mul- 
tiple of fJL, [JL is the least common multiple of the given 
integers. 



16 



CHAPTER X. 

CONGRUENCE. 

730. If fi is any given integer, /? and f any integers, 
and we set « = /? + ^/i, then a — ^ = (pfi. By giving 
/? and <p various values we may thus obtain any num- 
ber of pairs of integers which differ by a multiple of 
fi. This is the justification for the existence of the 
following definition. 

731. Definition. An integer a is congruent Q) with 
an integer ^ with respect to an integer [Xy calld the 
modulus of congruence^ when the difference a — /S is a 
multiple of jM. 

Thus, if a — . /9 = ^/i, a is congruent with /? with re- 
spect to the modulus fx. 

The statement of congruence is written 

a = ^ (mod. fi), 

which is read ** a is congruent with j9, modulo fi,** 

The statement a = ^ (mod. ft) is calld a congru- 
ence ; a is its left member and ^ its right. 

When ther is no doubt what the modulus is, or 
when several congruences ar supposed to hold with 

( 1 ) The idea of congruence is due to Gauss. See his ** Disquisitiones 
ArithmetioE," p. i. See also Dirichlet-Dedekind, p. 33; Chrystal, 
** Text-Book of Algebra," Part II., p. 500; Tannery, p. 454. 

242 
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respect to the same modulus, we may write simply 
a = ^. 

If a is not congruent with /? with respect to a given 
modulus //, we may write « ^ jS (mod. //). 

732. If a = /? (mod. o), a — /?=^o = o and 
a = ^ ; and conversely, if a = /9, a — ^ = = ^0 
and a = /? (mod. o). 

That is, if the modulus were zero, the congruence 
a = /9 would be equivalent to the equality a = ^, 
The idea of congruence would therfor, with a zero 
modulus, be equivalent to the old idea of equality. 
It would be nothing new. 

We will, therfor, in the future assume that the 
modulus is not zero. 

733. Theorem. Any integer is congruent with itself 
with respect to any modulus. 

For a — a = o •/£. 

734. Theorem. If a = ^^ then a = /? with respect to 
any modulus, 

735. Theorem. 

If a^ ^ {mod. fi), then /? = a (mod. /i). 
For, if a — j9 = <p/i, ^9 — a = (— ^)yj/. 

736. Theorem. 

If a ^ 13 (mod. /i), then ^ ^ a (mod. /i). 

737. Theorem. Any two integers ar congruent with 
respect to unity as a modulus. 

For a — j9 = (a — j9) X I. 

738. Theorem. 

If a^ ^ (mod. /jl), then a = ]3 (mod. ft). 
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For, if a — ^ = (p[x, a — ^ = (— y>)yte. 

739. Theorem. 

If a^ ^ {mod. fJt), then a = ^ {mod, fj). 

740. Theorem. If a^ ^ {mod, fi) and /« = v, then 
a = ^ {mod, v). 

For, \( a^ ^=s <pix and fJt= p, a — ^ = ^p, 

741. Theorem. If a^ ^ (mod, fi) and 

^ ^X (^«^« t^9 ^hen a = 7* (w^?^. /i). 

Since « = j9, a — j9 == ^^. 

Since /9 s r, ^ — r=^Xt^' 
Adding, a — ;- = (^ + ;f);£. 

Therfor a^y. 

742. Theorem. If a^ ^ and ^^ify then a^y. 

743. Theorem. If we hav a series of congruences in 
which the right member of each congruence y except the 
lasty is also the left member of the succeeding congru- 
ence ^ asa^^^j'^d^e= ..., then any integer in 
the series is congruent with any other integer in the 
series, 

744. Theorem. If a ^ ^, then a + y = ^ + y, and 
conversely. 

For the direct theorem, 

since « = y9, a — ^ = (pfi. 

Hence (« + r) — (i^ + r) = ^^i"- 
Therfor « + 7- = j9 + 7*. 

For the converse theorem reverse the steps. 
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746. Theorem. If a = ^, then y + a^T + ^9 ^^ 
conversely. 

746. Theorem. If a = j9 and 7' s <J, then 
a + 7' = ^+<J/ and conversely^ ifa + y^^+d and 
7* = (J, then a = /9. 

747. Theorem. The sum of the left members of any 
number of congruences is congruent with the sum of the 
right members, 

748. Theorem. If a^ ^^ then « — t' = /? — ;-, and 
conversely, 

749. Theorem. Ifa^^^ then ^^ — a = t' — j9, and 
conversely, 

750. Theorem. If a = j9 and y = 3, then 
a — ^'s^ — (J; and conversely y ifa — y^^^d and 
Y ^ 3, then a = ^/ if a — y ^ ^ — 3 and a = ^, then 

761. Theorem. Ifa = ^, then ay = ^y. 
Since « = /9, a — ^ = (pjuL, 

Hence (a — ^)y = (^j")r- 

Or ay^^r^ {<py)fi, 
Therfor ay = ^y, 

752. Theorem. Ifa^^, then ya = y^, 

753. Theorem. If a^ ^ and y = 3, then ay = ^<J. 

754. Theorem. The product of the left members of 
any number of congruences is congruent with the product 
of the right members. 
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766. Theorem. If a^ ^ {mod, fi), then 
CT' = ^ {mod. fjqc), provided y ^ o ; and conversely ^ if 
acf ^ ^Y {mod, fjqr), then a = /? {mod, [j). 

For the direct theorem, 
since a = ^ (mod. fi\ a — ^ == ^^. 

Hence {a — ^y = {(piJi)y. 

Or aY-'Pr=' <p{pr)' 

Therfor ay = ^y (mod. fry). 

For the converse theorem reverse the steps. 

766. Theorem. If a^ ^ {mod, /jl) and //>;-, then 
a = ^ {mod, [JL : y). 

Since a = ^ (mod. /i), a — ^ = ^^. 
Since // > r> /^=^T^ ^md /i : y=zp. 

Hence a — ^ = (^t*)!^. 

Therfor a = ^ (mod. v). 

Or a = /? (mod. ;« : t'). 

This theorem may be stated : ^ /ze/^ integers ar 
congruefit with respect to a given modulus^ they ar also 
congruent with respect to any factor of that modultcs as 
a modulus, 

767. Theorem. If a = ^ {mod, fi) and a, ^, and [i 
ar all divisible by y, then a :y= fi : y {mod, /jl : y), and 
conversely. 

Since a, /9, and fi ar all divisible by y^ 
a = 8y, ^ =s ey, and ;" = J^. 
Hence, since a = j9 (mod. fi), 
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8y ^ ey (mod. 17-). 
Therfor 5 = e (mod. v). § 755. 

Oi a If ^ ^ : Y (mod. fi : y). 

For the converse theorem reverse the steps. 

758. Theorem. If a^ ^ {mod, fi) and a and j9 ar 
both divisible by y, then a : y^ ^ : y (mod, fi : (;" ® r) )• 
Since a = ^ (mod. //), a — j9 == <pfjL. 

Let )" ® r = ^• 

Then fi= vk and t' = <J#c, wher v J_L 5. § 604. 

Also a — ^ = ^v#c. 

Since a > 7' and ^>r> « — /5>r ^md 

(a-/9) :r:=^a:r^fi:r. §479. 

Since a — fi'^if, fi^K > 5#c 

and (a — ^) : 7^ == (^v#c) : (<J#c). § 469. 

Hence (pvy^ 8 and (a — ^) : ;- = (^v) : <J. 
Since ^v > <J and v Jl <J, ^ > <J. § 623. 

Hence (« — i^) : T = (?^ • ^)*^- § 467. 

Or a : 7- — /9 : T' = (^ : <J)(/£ : #c). 

Therfor a : y = ^ ly (mod. /£ : #c). 

Or a: ir^ ^ :t (niod. )" : (/^ ® r))« 

# 

if;^>r, ;"®r=|r|. 

Hence, in this case, a ly ^ ^ ly (mod. // : 1 7* |). 
And a : If = ^ : Y (mod. // : 7^). 

This theorem, therfor, when fj^^y, reduces to the 
direct part of § 757. 
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769. Theorem. 

If a^ P {mod. fi) and a and ^ ar both divisible by y, 
wJier ft J_L Ty ^^^ a If ^ ^ : y (mod. /i) Q), 

For, if^iJlr, /^®r=^' 

760. Theorem. Any integer is congruent with each 

of tlu rcinainders that it leaves when divided by the 
modidus. 

For, \{ a = ipii + p^ a^ p== (ffi. 

761. Theorem. If a^ p {modi p), wher | /> | < | /^ |, 
t/ien p is ofie of the remainders obtaind by dividing a 
by p, § 521. 

762. Theorem. If two integers ar congruent^ they 
leave the same reniainder when divided by the modulus y 
atid conversely. 

For, if /? leaves the remainder />, /? = />. 
Hence, if a = j9, a ^ p, wher | /? | < | yj/ 1. 
Therfor, when a is divided by //, a remainder is p, 

§ 761. 
Conversely, if a and /? both leave the remainder p, 

a^ p and j9 = />. 
Therfor a = /?. 

763. Theorem. Jf two integers ar congruent and 
either is divisible by the modulus ^ the other is also ; and 
conversely y if each of two integers is divisible by the 
modidus, they ar congruent, 

764. Theorem. If two integers ar congruent and 
either is divisible by a factor of the modulus ^ the other is 
also. 



(^) See Tannery, p. 466. 
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765. Theorem. If /i is any given modulus, all the 
integers, when written in the order of increasing mag- 
nitude, may be divided into succcssiv groups of\tt\ each, 
so tltat the integers in each of tliese groups, taken in 
order, ar congruetit with o, i, 2, 3, ■■-, l/^l— i- 

The first integers in the successiv groups will be 
the various multiples of fi • 

■ ■ -. - 3/'. — 2^. - t^, O, 11, 2!i, 3/i, ■■: 

if fi is positiv, 

■ ■ ■> 3/'- 2/', /(, o, — ft, — 2/i, - 3/j, ■ - ■, 

if /( is negativ. 

If <ffi is either of these multiples, the group of 
which it is the first integer will be 

p/i, ^t./( + I, p/i + 2, p/i + 3, ■ ■ -, p/< + ( I /< I - i). 

These integers ar in each case evidently congruent 
with o, I, 2, 3, ■ --, |/i| — r. 

766. Definition. This principle is calld the periodicity 
of the integers with respect to a given modulus. 

767. Befinition. A cyelieal arrangement of any set 
of things, given in a certain order, as, for example, 
the letters a, b, c, d, e,f, is an arrangement obtaind 
by dividing the set into two parts at any place 
and then making the first part the second and vice 
versa, the order of the symbols in each part being 
unchanged. 

Thus b, c, d, e,f, a and e.f a, b, c, d ■a.t cyclical ar- 
rangements of the above set of letters. 

The original set unchanged is also said to be a 
cyclical arrangement of itself. 



2 so INTEGERS. 

768. Theorem. Jf l^is any given modulus and any 
group of \ii\ successiv integers ar taken^ they ar con- 
gruenty in order ^ with some cyclical arrangement of the 
integers o, i, 2, 3, . • ., | ;/ 1 - 2, | ;/ 1 — I. 

Let (ffx-\- p be the first of the given group of 
integers, wher p is positiv and numerically less than //, 

§ 522, 

Then the group of integers will be 

f ;^ + /> + ( I /^ I - 2), ^// + /> + ( I // 1 - I ). 

These differ each by a multiple of p. from the cor- 
responding integers of the group 

/>,/>+ I, />+ 2, •••,/> + (1;^ I -2), /? + (!// 1 - i). 

Therfor the integers of the first group ar respectivly 
congruent with these integers. 

Now set \p\=i p -\- K^ wher k is positiv. 
Then the latter group may be written 

py P+ I, /> + 2, -'y p+{ic—2), p + (k— I), p+ K, 

/> + (ac + I), . . ., /> + (I // 1 - 2), /> + ( I // 1 - i), 
or 

P> P+ I, /> + 2, . . ., \p\-2,\p\-l,\p\, \p\+ I, 
•••> l^l + (/^-2), \p\ + (p^l). 

These ar congruent respectivly with 

P> P+i> />+2, ••-, \p\—2, H-i, o, I, ...,/?— 2, />— I. 

Therfor the original group of integers ar congruent 
respectivly with these integers, which ar a cyclical ar- 
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rangement of the integers 

O, I, 2, 3, ..., |;£|-2, !/i|- I. 

769. Theorem. Any group of \ii\ sticcessiv inte- 
gers ar congruent^ in order ^ with respect to the modu- 
lus fly with some cyclical arrangement of the set 
of |/i| integers obtaind from, the set of integers 
o, I, 2, 3, . . ., I // 1 - 3, I // 1 - 2, I // 1 - I by replacing 
any or all of them by the corresponding integers of the set 
o, -(|;.|- I), -.(|/i|-2), -(I//I-3), •••, 

-3,-2,-1. 
For, if p is the positiv remainder obtaind by ap- 
proximately dividing a given integer by //, and a the 
corresponding negativ remainder, <t = — ( | ^ j — ^). 

§Si8. 

770. Theorem. In particular, any group of\ii\ sue- 

cessiv integers ar congruent y in order ^ with the integers 

-«,—(«- 0> - (« - 2), . . ., 

-3, -2, - I, o, I, 2, 3, ..., 

l^|-«-2, |;£|-a-l, 

wher a is either zero or positiv and less than \ii\. 



FUNDAMENTAL IDEAS. 



1. Number. 

2. Equality. 

3. Sum. 



I. 

§5. 

§37- 



I. 

2. 

3- 

4- 

5- 
6. 

a = c 

7- 
8. 



AXIOMS. 

f a = d, then d = a. 
{ ass d and d = c, then a = r . 
a + ^ = ^ + a. 
f a = ^, then a 4= '^ + ^- 



§6. 

§7. 

§34. 
§41. 
§43. 



f ^? ^= ^, ther is some number ^, such that either 
+ ^or^ + ^?=^. §45. 

{ a = 6, then ^? + r=^ + ^. § 46. 

f rt 4= ^> ^^^^ ^?+^+=^ + ^. § 47. 

9. (^ + ^) + ^ = ^ + (^ + ^). § 54. 

10. Every number, except one, is the sum of two 
numbers. § 61. 

The author does not include § 40 in this list of axioms, as he has 
become convinced, since the electrotyping of most of the book that § 40 
is not properly an axiom. That the number of objects in the group ob- 
taind by joining two groups should be unique is a prerequisit to the 
definition of the symbol a -\- d. If this number were not one-valued, 
a -^ d would not be defined. See § 416. 
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